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The Antiseptic Properties of Further Amino Derivatives of Styryl 

and Anil Quinoline. 

By C. H. Browning, F.R.S., J. B. Cohen, F.R.8., K. E. Cooper, 

8. Ellmgworth, and R. Gulbranben. 

(From the Medical School, Leeds, and the Pathological Department of the University and 

Western Infirmary, Glasgow.) 

(Received November 8, 1933.) 

The antiseptic properties of a series of quaternary salts of 2(p-amino anil or 
styiyl) quinoline have already been described (Browning and others, 192G, 1928); 
the present communication is a continuation of this work. The same methods 
have been used as before, since with compounds of the present series also the 
lethal action on bacteria proceeds slowly (Browning, 1922, 1926). Table I 
shows the inhibitory concentration of the various substances, i.e., the lowest 
concentration which suffices to inhibit growth, so that when present in the 
medium inoculated with the particular organism no definite turbidity to the 
naked eye develops after 48 hours at 37° C.—subculture then proving sterile 
or yielding at most a very scanty growth. As has been noted, this concentration 
appears to yield the most satisfactory indication of the antiseptie effect of a 
slowly acting bactericidal substance. 

2(p-a*Mno antZ)-6 acyl amino quinoline derivatives. —Nos. 376, 374, 373, 376, 
384, and 379 are analogues of 2(p-amino anil)-6 ocetylamino quinoline metho- 
chloride (No. 46). They are all fairly powerful antiseptics toward both 
staphylococcus and B . ooli and they are little or not at all diminished in their 
action by serum. The members of the series show no noteworthy progressive 
differences in antiseptic properties which can be attributed to alterations in 
the aoyl group. The chloracetyl compound (No. 239) is, however, less active 
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in serum, especially toward staphylococcus, and this corresponds with what 
has been found with the chloraoetyl and bromacetyl derivatives of 2(p-dimethyl- 
amino anil)-6 amino quinoline {cf. Nos. 71, 72, and fi9). 

Hp-dimethylamino anil or styryl )-6 aoyl ammo quinoline derivatives .— 
The anils (Noe. 383, 425, 378, 334, 350, 351, 352, 353, 452, 453) are higher 
analogues of 2(p-dimethylamino anil)-6 acetyl amino quinoline methochloride 
(No. 59). Like the other members of this series (Nos. 05-89), they are all 
powerfully antiseptic toward both staphylococcus and B. coli, and their action 
undergoes little or no diminution in the presence of serum. The styryls (Nos. 
447, 449) are as usual less powerful than the corresponding anils (Nos. 452, 
453). 

2{p -dtiaflamino anil )-6 aoyl amino quinoline derivatives. —Nos. 380, 292, 293, 
287, 290 are analogues of No. 116 ; they are all powerfully antiseptic. Thus 
their action is in degree more dose to that of the corresponding tertiary base 
(</. Nos. 380 and 64), than of the primary base (No. 45), which is much weaker. 
The chloracetyl 'derivative of 2(p-methylamino anil)-6 amino quinoline (No. 
273) is less powerfully antiseptic than the corresponding acetyl compound 
(No. 116)—a result which accords with previous observations on the depressing 
effect of a halogen atom in the aoyl group (see above). 

‘h{p-acetylamim «nii)-C> dimethylamino quinoline methochloride {No. 396), 
as compared with the non-acetylated amino analogue (No. 46) shows the 
tendency to reduced action following acetylation of the amino group in the 
2 position of the benzene nuoleus which we have previously found. 

2(p-ottyianwno anil)-^-naphthoquinoline derivatives .—Like both the dimethy¬ 
lamino (No. 52) and the methylamino (No. 115) compounds, the analogues 
of the latter (Nos. 381, 291, 294, 286, 289) are all powerful antiseptics. 

The compound with methoxy, instead of a basic group, in the 2 position of 
the benzene nudeus (No. 296) is much less active. 

2(m ,-dimethylomno anil) - fi-naphthoquinoline methochloride {No. 328) is weak 
in its action. This is in striking contrast to the corresponding para analogue 
(No. 52). It should be noted that in the meta compound the alternate double 
linkage is interfered with. Similarly with the dianils of fl-naphthoquinoline, 
the 2-pp (No. 323) derivative is very active as compared with the corresponding 
%-mm oompound (No. 324). 

2(p-amtn0 styryl)-d amino fi-naphthoquinoline derivatives. —2(p-dimethyl' 
amino-gtyryl)-8 amino p-naphthoquinolinc methochloride (No. 126) is power¬ 
fully antiseptic toward staphylocoocus and so resembles in its action No. 17, 
which lacks the amino group in the naphthoquinoline nudeus, although it is 
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less active toward B. coli in watery medium than the latter. The substitution 
of a primary amino (No. 231) for the dimethylamino group in the benzene 
nucleus has the usual effect of reducing antiseptic action, which is still further 
depressed by acetylation either of the amino group in the benzene nucleus 
(No. 249) or of both amino groups (No. 261). 

2(p-dimethylainino styryl}-fi-naphthoquinoline dimethochloride (No. 326) shows 
a great reduction in potency as compared with the mono-methochloride, 
No. 17. 

2(p-aftmto styryl)-amino quinoline derimlivett.—2 (p-acety lamina styryl)-7 
dimethylamino quinoline methochloride (No. 128) does not differ significantly 
in its action from the corresponding 6 derivative, No. 90, both being fairly 
active toward staphylococcus. 2(p-smino styryl)-6 chloracetylamino quinoline 
methochloride (No, 274) is, like the 0 acetylamino analogue (No. 8), extremely 
weak. 2(p-methy) ami no styryl)-6 acetylamino quinoline methochloride (No. 
276) is more powerful than tho primary amino analogue (No. 8) and approaches 
the teritary amino compound (No. 24) in its action ; this confirms other 
observations on the influence of the secondary amino group. 

Urethane styryl deritKUive*.-2(jh*mmo styryl) quinolyl (6) urethane 
(methyl ester) methochloride (No. 120) and the corresponding ethyl ester (No. 
121) are, like the 6 acetylamino analogue (No. 8), weakly antiseptic but are 
slightly more active than the latter. As compared with these, the 2(^-di- 
methylamino styryl) quinolyl urethanes (Noe. 126 and 216) show the usual 
inoreaso in effectiveness owing to the substitution of the primary by a tertiary 
amino group in the benzene nucleus. There is no significant difference between 
the action of the methyl and the ethyl esters, as was also noted for the anil 
urethane derivatives (Nos. 96 and 97). 

Chemical Section. 

Nitroso Compounds. —These were prepared from the corresponding nitros- 
amines, as previously described (Browning and others, 1928). The following 
have not previously been prepared : p-nitroso ino-propytanUine, m.p. 86° C.; 
p-nitroacbutylaniline, m.p. 60° (J.; p-nitrosophenyldhyl aniline —an oil; p- 
nitrosobenzylanilincy m.p. 36° C. 

Acylamino quinaldine*. -The general method of treating the aminoquinaldine 
in acetic acid solution with the acid chloride (Browning and others, 1926) 
gave products some of which wore contaminated with acetylamino quioal- 
dine; so the method adopted for the preparation of acetyl-lactyl-amino- 
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qtun&Idine, in which chloroform is substituted for acetic said assolvent, was 
used (Browning others, 1932). If precipitation of amino quinaldine 
hydrochloride tended to occur during the reaction, pyridine was added, and the 
subsequent procedure was that adopted for aoetyl-laotyl-aminobansaldehyde, 
as described in the same paper. These substances have the following general 
formula 

CH CH 

R.CO.HN.C/^SCH 

CH N 


Quaternary Solis. —Where the preparation of the methoaulphate was difficult 
or where sodium chloride precipitated unchanged methyl p-tolueneeulphonate 
from a solution of that salt, the methochloride was synthesized via the methio- 
dide by the action of silver chloride in boiling alcoholic suspension. The 
methiodides were prepared by heating tike corresponding bases with an excess 
of methyl iodide at 100° C. in a sealed tube. 

Mono-alkyl amino anil quinoline mtihohalides. RHN. C^H^N: CH. C t H*N. 
CH,X.—The general method has been previously descri bed (Browning and others, 
1924); occasionally as mentioned below, modifications in the method of isolation 
were found necessary. The physical properties of these compounds correspond 
roughly with those of the anils previously described. The solubility in water 
tended to decrease with increasing molecular weight. Generally anil con¬ 
densations with p-acetyiamino quinaldine methochloride gave a larger yield 
and a more crystallitable product than those with p-napbthoquinaldine raetho- 
obloride. 

Condemnation of p-rntroso buiylaniline with $-naphlhoquinald\ne methochloride, 
when carried out in about 70% methyl alcohol io solution yielded a crystalline 
product which was washed with methyl alcohol and ether and dried. 

Condensation of p-nitrosophenylethyianilinc with p-toluquinaldine metho- 
chloride. —When this was performed in the usual way the product did not 
crystallize on cooling. A concentrated solution of potassium iodide was 
therefore added, causing the separation of the methiodide in a somewhat tarry 
form, which, however, solidified on standing. After filtration it was re¬ 
crystallized from alcohol and finally converted into the methochloride by boiling 
with silver chloride in methyl alcoholic solution. 

6 1 2 

Svorinrf eeter 6 amino quinaldine. HO. CO. CH,. CH,CONH. C ( H S N. CH,— 
The ethyl hydrogen succinate was prepared by the method of Blaise (1899). 



Amino Derivatives of Styryl and Anil Quinoline. 


11 


It was converted into the ester chloride by heating gently on the steam bath 
with an equal weight of thionyl chloride until hydrogen ohloride ceased to be 
evolved. The excess of thionyl chloride was removed in vaouo , From 7 gm, 
of arid ester, 5*5 gm. of chloride were obtained. Succinyl ester chloride 
(5*5 gm.) was slowly added to 6 amino quinaldine (6*3 gm.) suspended in 
chloroform (40 c.c.). Heat was evolved and the base dissolved. The solution 
was heated for 1 hour on the steam bath, and the yellow solution filtered if 
neceesary. The chloroform was removed on the steam bath and the clear 
yellow aqueous solution precipitated with sodium carbonate. The precipitate 
was filtered off, washed, dried, and crystallized from alcohol in the form of 
colourless prisms with m.p. 1B0°-1B6° C. (yield 4 gm.). It was converted into 
the methiodide by heating with methyl alcohol and methyl iodide in a sealed 
tube for 6 hours ; the resulting brown crytalline crusts (2-2 gm.) were crystal¬ 
lized from dilute alcohol. It formed pale yellow needles which melted at 
190°-192° C. (docomp.). 

Found, I = 29-97%: C^HnNjO,! requires I => 29-67%. 

2(ipdimethylamino styryl) suooinyl ester 6 amino quinoline methiodide. 

4 12 16 

CACHrCHfCVWNH. C0.CH,. OHa.COfX’.H^CH.IJ.-The quinal¬ 
dine methiodide (1-4 gm.) was converted into the styryl compound by heating 
in alcoholic solution with dimethylaminobenzaldehyde (0-6 gm.) and a drop of 
piperidine. The product (1-6 gm.) crystallized in dark brown dusters of 
needles. It crystallized from hot water in flat prisms with a steely lustre and 
green reflex. Beoauso of its insolubility in cold water the methiodide (1-4 gm.) 
was converted into the methoacetatc by boiling in methyl alcohol solution 
with a slight excess of silver acetate (0*5 gm.) for several hours, filtered free 
from silver iodide and the solution evaporated on the water bath. The product 
(0-6 gm.) did not appear to crystallize. It formed a nearly black, hard residue, 
which dissolved readily in water, yielding a brown solution. 

Found, I = 22-24% : C M H lo N a 0 3 I requires I = 22-71%. 

6 12 

Adipic eater amino quimMine. CjHjO . C0(CH 1 ) 4 C0NH.C t H l N.CH g .—The 
acid ester was prepared by a method for which we are indebted to Professor 
Morgan. Adipic add (29*2 gm.), absolute alcohol (38 o.o.) and concentrated 
sulphuric add (4 c.c.) were heated on the steam bath for 8-10 hours; the 
mixture was then diluted with water (200 c.c.) and extracted with ether. 
The extract was shaken with excess of sodium bicarbonate solution and the 
aqueous layer removed, addified, and extracted thoroughly with ether. The 
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ethereal layer was removed and dried. The yield from 14*6 gm. of adipic 
acid was 4*0 gm. It was converted into the ester chloride by warming the 
acid ester (4*4 gm.) with thionyl chloride (4*0 gm.) on the steam bath, as 
described for the Buooinyl ester derivative, and formed a colourless viscid 
liquid (yield 4*4 gm.). This was converted into the 0 adipyl ester amide of 
quinaldine in the manner already described. The yield was 5 gm. of recrystal- 
ized product, which consisted of long square-ended prisms, m.p. 93°-95° C. 
It was converted into the methiodide in the usual way. From 5 gm. of the 
ester amide, 3*6 gm. of orange, crystalline methiodide were obtained, which 
was recrystallized from boiling water. It melted at 158°-159° C. without 
decomposition. 

Found, I = 27*89%: C lt H M N,0*1 requires I = 27*85%. 

2 {p-dimethyUunino sTyryf) adipyl ester 6 amino quinoline methiodide. 

4 12 16 

(CH^ 1 N.C e H 4 CH:CH(C t H ft N)NH.CO(CH I ) 4 .COOC t H 6 (CH # I)—The methiodide 
(2*5 gm.) and dimethylaminobenzaldehyde (0*8 gm.) were heated on the water 
bath in alcoholic solution with a drop of piperidine. The product (1 gm.) 
consisted of green iridescent crystals, which dissolved in hot water with a 
magenta oolour. 

Found, I = 21*51%: ^^^,0,1 requires I = 21*63%. 

A portion was converted into the methochloride in the usual way. It is 
very soluble in water, from which it crystallises in small prisms. 

2{jhdimetkylamitio anil) succinyl ester 6 amino qtiinoUne methiodide. —Suo- 
cinyl ester amino quinaldine (0*8 gm.) and nitroso dimethyl aniline (0*3 gm.) 
when condensed in the usual way gave a mass of small green iridescent crystals, 
which were filtered, washed with absolute alcohol, and dried. It formed 
dusters of dark purple needles when crystallised from hot water (yield 0*8 gm.). 

Found, I = 22-36%: C U H M N 4 0 3 1 requires I = 22*35%. This oompound 
is not very soluble in cold water and was converted into the methochloride in 
the usual way. The latter dissolved readily, forming a bright magenta solution. 
It crystallized from alcohol in small purple needles having a green reflex. The 
above and the following have the general formula, 

(CH,)^. C.H.N: CHfCfHjNJNH. CO{CR ^ n . 000C.H,. (CH.I). 

2 (p -dimethylamino and) adipyl ester 6 amino quinoline methiodide.— The 
substance was prepared as above. From 0*98 gm. methiodide of adipyl ester 
amino quinoline and 0*3 gm. nitroso dimethylaniline, 0*8 gm. of the anil was 
obtained, which separated from the solution as fine purple needles with green 
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reflex. The substance was somewhat soluble in cold wafer and fairly soluble 
n hot water with a bright purple colour. 

Found, 1 = 21*1%: requires 1=21*31%. The rnetho- 

chloride was prepared from the methiodide and is readily soluble in water. 
It crystallises in fine purple needles and dissolves in water with a purple 
colour. 

Condensation of fi-naphthoqutnoline methoohloride 2 aldehyde with p -phenykne 
diamine and m-phenylenediamine. —(J-naphthoquinoline methochloride 2 alde¬ 
hyde (prepared by boiling 2 gm, of 2(p-dimethyl amino anfl) p-naphtho- 
quinoline for 2 hours in 10 c.c. concentrated hydrochloric acid) was condensed 
with one-sixth of its weight of the phenylene diamine in aqueous solution 
by heating on the water bath (p-compound 2 hours, m-compound 5 hours). 
On cooling the resulting crystals were recryBtallixed from 64 o.p. aloohol for 
the meta product, and for the para compound extracted with a little alcohol 
to remove a reddish blue impurity. 

Found, para compound N — 9• 3%, meta compound N = 9*5%. 
requires N = 9*6%. Both products were brownish yellow crystals. 
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Effeot of Absence of Light on the Breeding Season of the Ferret. 

By Maboabbt Wn.i, (Keddey Fletcher-Warr Student), and A. S. Pabkes, 
F.R.S. (Fouleiton Student of the Royal Society). 

(From the National Inatitute (or Medical Research, London, N.W.3.) 

(Received January 16, 1934). 

[Plate 1.] 

I. Introduction. 

Biaaonnette’s (1932) remarkable discovery that additional illumination 
would induoe oestrus in anoestrous ferrets has naturally led to much speculation 
as to what controls the onset of the breeding season in the normal ferret. An 
obvious interpretation of Bissonnette's results, and one apparently favoured 
by Marshall (1932), suggested that the beginning of the breeding season of the 
normal female in March-April is influenced by the increasing duration of day¬ 
light. 8uch a hypothesis, however, could not be extended to many mammal* 
Those breeding in the autumn (sheep, for instance) would require a radical 
attention of the hypothesis, while nocturnal and subterranean mammals can 
hardly be affected directly by the duration of daylight. Even in the ferret 
the hypothesis scarcely seemed valid, because the initial breeding season 
changes are evident histologically in December and January (Allanson, 1932). 

The converse experiment, keeping breeding season animal* in daylight of 
winter duration, was also attempted by Bissonnette (1933), but the results were 
inconclusive. A somewhat similar experiment was therefore carried out in 
London, under the very stringent conditions of keeping the animal* in total 
darkness except at the time of feeding. The results offer little support to the 
theory that length of daylight has any controlling influence on normal sexual 
periodicity. 

II. Teohnique. 

The ferrets were kept in ordinary wire cages in a large light-proof cupboard. 
The door was opened only for feeding and oleaning. The daily feeding occupied 
about 10 minutes and the weekly cleaning about another 20 min utes . The 
animals were therefore in total darkness for a minimum of 23} hours per day. 
Some difficulty was experienced in securing adequate ventilation without ad¬ 
mitting light. The arrangement finally devised consisted of having ventilators 
top and bottom, covered by series of vanes to exclude light. An electric fan 
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was placed outside the top ventilator, and run so that stale air was drawn out 
of the top of the cupboard, and fresh air sucked in at the bottom. The fan 
was operated for half an hour night and morning, a time found sufficient to 
ensure adequate ventilation. Under these conditions the ferrets kept remark¬ 
ably healthy. 

Ill. Experimental Results, 

Five males and five females were put in the dark on January 24, 1933. 
Their subsequent histories are recorded below. 

Males .—At the time of going into the dark the testes of all the males were 
beginning to show the first signs of development, as determined by palpation. 
Development proceeded unchecked and a month later the testes of four animal* 
were of practically full sixe. One testis of the remaining animal (DBF 2) 
was also well developed, but the other wae still inguinal and small. This 
animal remained in the same condition till killed in June, being apparently a 
natural unilateral oryptorchid. Early in March, DBF 1, 3, 4 and 6, were in 
full sexual activity and remained in this condition until killed. One (DBF 4) 
was paired on April 29 ; copulation was normal and the female became preg¬ 
nant. Another (DBF 5) was killed for histological examination on the same 
date. The remaining ones were killed on June 9. 


Table I. -Male ferrets kept in the dark. 


No. 

Date 

put In 
dark. 

! 

Date 

of 

killing. 

Day* 

in 

dark. 

Body 

weight 

(gm.). 

Body 

weight 

at 

killing 

(gm.). 

Weight 

of 

tee tee 

(gm,). 

Weight 

of 

cpididy- 

mldee 

(«»•)• 

DBF 1 . 

24.1.33 

9.0.33 

136 

1320 

1400 

2-77 

0*673 

DBF 2 . 

24.1.33 

9.0.33 

136 

1060 

920 

1-07 

0*422 

DBF 3. 

24.1.33 

9.6.33 

136 

1240 

1120 

w 

0*066 

DBF 4. 

24.1.33 

9.0.33 

136 

1440 

1330 

3*62 

0*778 

DBFS . 

24.1.33 

29.4.33 

06 

1000 

1060 

3*93 

0*730 


Except for the one testis of DBF 2, the weights (Table I) were all com¬ 
parable with those given by Allanson (1932) for the normal breeding season 
testis, and the histological appearance in each animal indicated full sperma- 
togenic and endocrine activity, fig. 1, Plate 1. The epididymides of all were 
crowded with sperm, fig. 2, Plate 1. 

Females .—The first sign of activity among the females was observed as early 
as March 10, when the vulva of DBF 10 showed signs of enlargement. A fort- 
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night later the vulva of DBF 6 was seen to be swelling, and two other animals 
began in April, on the 7th and 13th. These four animals therefore began to 
oome into oestrus within the normal range of time. It was noticeable, how¬ 
ever, that the time taken for the vulva to become enlarged fully was longer 
than normal. In one animal no lees than 6 weeks elapsed between the 
beginning and the completion of enlargement. The remaining animal (DBF 9) 
showed no sign of activity until May 16, and must therefore be considered as 
having been late in coming into oestrus. DBF 6 was killed in full oestrus on 
April 29. DBF 7 was mated on April 29, after which the vulva regressed in 
the usual way. A litter of nine was bom on June 9, six of which were suckled 
normally until removed on July 8. By July 23 the female was in full OBStrus 
again, at whioh time she mated and was killed. DBF 7 is thus of particular 
interest in having come into oestrus again after lactation, nearly at the end of 
the normal breeding season, after 5) months of almost total darkness. 

The remaining three animals were killed still in full oestrus, on June 9. 

Histological examination showed that, in all the females, the oestrous con¬ 
dition of the vulv® was accompanied by ripe follicles (Table II) in the ovaries 
and well-developed uteri, figs. 3 and 4, Plate i. 


Table II.—Female ferrets kept in the dark. 


No. 

Date 
pot In 
dark. 

Date 

of 

killing. 

Day. 

in 

dark. 

Body 
weigh l 
(«“•)• 

Body 

weight 

at 

kill in if 

(gm)- 

Date 

vulva 

began 

to 

enlarge. 

Weight 

ovariea 

(gnu). 

Weight 

utenm 

(K«n.). 

Diameter 

largest 

follicle 

(mm.). 

DBF 6 . 

24.1.33 

29.4.33 

95 

649 

760 

22.3.33 

0 07# 

0*608 

1 ■ 17 

DBF 7. 

24.1.33 

23.7,33 

ISO 

800 

— 

7.4.33 

0100 

0*962 

1 <34 

DBFS ... 

24.1.33 

9.6.33 

136 

400 

620 

13.4.33 

0-062 

0*696 

1-24 

DBFS. 

24.1.33 

0.6.33 

136 

420 

680 

16.5.33 

0-063 

0-794 

V *32 

DBF 10 . 

24.1.33 

0.6.33 

136 

, MO 

1 

700 

10.3.33 

o-oee 

0-636 

1 38 


IV. Discussion, 

The experiments recorded above make it quite evident that the almost 
total exclusion of light does not seriously affect the onset of the breeding season 
in the ferret, and therefore suggest strongly that the increasing length of 
daylight in the spring is not a factor influencing the normal sexual periodicity 
of this species. This conclusion is in accordance with the fact that the breed¬ 
ing season changes in the ferret can first be detected histologically in December. 

BMonnette’s results, whioh have been amply confirmed, show quite 
definitely that additional illumination will induce oestrus during the winter, 








Kit. I 'IVstiN u| Dill-' r», killed ApnJ id, nfler !).i dn\* in tIn* dark, showing normal 
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Ku;. K|iidirlvinis nf I )UK U, killed .1 unr!l, after 1,‘kl dn\H m t lie dark allowing abundance 
i»i xjirrm. . r )S. 

Kio. 3. *)vnr\ id’ I)Hh' !». killed .June !J, nfler I3t» dn\H in the dnrk, allowing rif h> follicle. 

."> 0 . 

Kid i. I t |4'iiih of |)UK 1(1, killed .June t), allei KM cla\s in tlie dnrk, allowing lyjiieal 
d'Hirmis eoiulit ion - III. 
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and this affect has been shown to depend on the presence of the pituitary body. 
(Hill and Parke*, 1933). It is, therefore, necessary to suppose that the 
pituitary body during anoestrus can be artificially stimulated by extra light, 
but that extra light is not an essential condition for the onset of the normal 
breeding season. A converse analogy may be seen in the fact that anoestrus 
can be caused exjicrjmentally by dietary deficiency, although in many animals 
dietary factors cun play no part in the causation of normal anoestrus. It 
seems preferable to regard anoestrus as merely one phase of the cestrous cycle, 
which is known to dcfmnd on some inherent rhythm of the anterior pituitary 
body. In other words, the problem of the causation of anoestrus iu the ferret 
is analogous to the problem of the causation of the five-day cycle of the mi- 
mated mouse. 

Our thanks are due to Mr. J. Hammond, F.R.8., who examined the animals 
during the course of the experiment, and confirmed our diagnosis of their 
condition. 

V. Summary. 

(1) Five male and five female ferrets were kept iu total darkness for 234 
hours per day from the end of January onwards. 

(2) The males showed full breeding season development at the usual time 
and maintained the condition until killed in June. 

(3) Four of the five females began to show the vulval swelling typical of 
oestrus by the middle of April, i.e., at the usual time. The only unusual feature 
observed was that the swelling took rather longer than normal to reach full 
development. The remaining female failed to show signs of activity till the 
middle of May, and was therefore late. 

(4) A pair of these animals were mated, and a normal litter was produced. 
The female subsequently came into oestrus again, towards the end of the season, 
after 54 months in the dark. 

(5) It is concluded t hat while additional light will induce oestrus in anoestrous 
animals, the onset of the breeding season in the spring is not dependent on the 
increasing length of daylight. 
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Experimental Studies on the Transmission of Gapeworm (Syngamus 
trachea) by Earthu)orms. 

By Phyllis A. Clapham, B.Sc., Lawrence Research Student of The Royal 

Society. 

(From the Institute of Agricultural Parasitology, London Soliool of Hygiene and Tropioal 

Medicine.) 

(Communicated by R. T. Leiper, F.R.S.—Received January 17, 1934.) 

[Plate 2.1 

For some time past it has boon known that earthworms have a definite 
role in the transmission of gapeworm (Syngamus trachea) to birds. Ah early 
as 1886 Walker established this fact and claimed to have discovered Syngamus 
larvflb encysted in the gut of the earthworm. He says “ . . . we generally 

find the embryos a short distanco behind the gizzard, not often more than 
half-way to the tail/* He was of the opinion that the earthworm was a definite 
intermediate host of the gapeworm. Though ho cites Lumbricuit terrextris in 
hifl title, he is less oxplicit in his text and we are left to assume the species 
when he montions 4< earthworms.” The fact of tho transmission of gapewonn 
by earthworms seems to have been overlooked, except for a short not© by 
Seurat in 1916, until Waite oonfirmod it in a paper, which appeared in 1920, 
and established tho fact that it is the earthworms which carry the disease 
over from year to year.* 

Although, as mult of these two excellent series of experiments, there remained 
no doubt that earthworms are an important factor in the transmission of gapoM, 
yet throo problems still remained to bo solver!. They are (1) the species of 
earthworm concerned in the passage of the gapeworm, (2) the position in the 
earthworm where the larva may lie found, and (3) the condition or state of 
development of the lorm in tho earthworm. The writer has conducted 
a series of experiments which throw some new light on all these problems. 
The experiments and results are described below. 

* [Note added in proof , March 9, )933.—Sinco this paper was printed tho writer's 
attention has been drawn to an article on poultry parasitosis by Cram (' North 
American Veterinarian.' vol. 9, p. 47, November. 1928) in which she mentions tho faot 
of the transmission of gapeworm by earthworms. She says that she has found tho lnrv® 
encysted in the body muscles of the earthworm and that further work is being carried 
out. There have, however, been no publications on the subjeot since then.] 
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Material . 

Two species of earthworms were obtained from ground which was unlikely 
to have been naturally contaminated with gapewonn eggs. Lumbricus terrestris 
was obtained from a plot of garden soil. This was watered assiduously through 
many weeks of dry weather until eventually the Lumbricus migrated to the 
surface. Large numbers of Eisenia foetida were recovered from around the 
roots of tomato and cucumber plants in a greenhouse. The soil had been 
manured with artificials and so no infection could have been introduced by 
that means. 

All these earthworms were maintained in the laboratory in the following 
manner: they were placed in groups of ten in large petri-dishes filled to the 
top with soil which had been sterilized by steaming for an hour. This soil 
was kept very damp. They were covered with a square of butter muslin 
secured with a rubber band. At the end of a week, they were transferred to 
fresh soil, it being estimated that all the garden soil would have been eliminated 
by that time, together with any fn*e eggs or larva of helminths that might 
have been in the gut. After having been transfomni to this soil, the infective 
eggs of Syngamus were washed into the dish and the earthworms remained 
in contact with this infective soil for at least 14 days before feeding to the 
chickens. Immediately before feeding, the earthworms were washed and 
brushed with a camel hair brush to remove any partioles of soil and any larva 
or eggs that might be adhering to the surface. 

A large number of birds infested with gapeworm was made available through 
the co-operation of Mr. A. D. Middleton, of the Bureau of Animal Population, 
Oxford University Museum. My thanks are duo to him foT this very con¬ 
siderable help. 

Syngamus trachea was obtained from partridges, pheasants, chickens, and 
rooks and S. merulw , described by Baylis in 1926, was recovered from the 
blackbird. Certain of the gape worms out of each batch were always identified. 
This identification was considered important owing to the presence of the 
latter specios from the blackbird which was found to be transmissible to 
chickens. 

Syngamus trachea eggs were obtained by dissection of adults which had been 
removed from the trachea of infected birds. They were cultivated in petri- 
dishes on the bench in the laboratory where they reached the infective stage 
in about 1(>~14 days. They were kept free from bacterial or fungoid infections 
by daily aeration and agitation and frequent changes of water. 

o 2 
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The chicks wore all incubator hatched, secured as day olds and reared indoors 
in batteries under parasite-free conditions. 

The Importance of Eisonia foetid*. 

From results which will bo described below it is obvious that Eisenia fcetida 
is an extremely important factor in the transmission of gapeworm disease to 
chickens. Lumbricus terrestri* will also carry the disease, but infestation with 
gapeworm following the ingestion of Lumbricus terreslris is less certain and always 
of less severity than that following the ingestion of Eiseniti fwtida . In this 
connection it is important to bear in mind one characteristic of Eisenia fetiida. 
It is always found abundantly on contaminated laud and in soil containing 
quantities of decaying organic matter. Hence it cun always be found in 
largo numbers on land over which stock is being roared intensively such as 
poultry runs and pig-sties. For this reason it will be a great source of danger 
to young chickens which are reared year after year on old land. The presence 
of encysted Syugamus larvee seems to have no effect on the vitality of the earth¬ 
worm and hence they act as cumulative reservoirs of infection. There are 
many dangers which beset Byngnmus larvee free in the soil—in particular 
there is dosiccation. They cannot withstand complete desiccation for many 
hours (Ortlepp, 1923), but in the tissues of the earthworm they have found a 
safe environment, where they may accumulate and mature till they roach the 
final host. The entry into an intermediate host always ensures greater possi¬ 
bilities of survival among parasites and servos as a moans of overcoming the 
adverse conditions that are found outside. 

Experiments. 

The importance of Eisenia fwtida in tho transmission of gapes was suggested 
by an observation made in an earlier series of experiments (Morgan and 
Clapham, 1934). Owing to the very dry summer of 1933. earthworms were 
scarce and Eisenia fatida was the only species obtained in any quantity. As 
excellent results were always obtainod with it, it was dooided to follow up the 
results. 

Eisenia fwtida and Lumbricus terreslris were infected with Eyngamus trachea 
from various sources and were then fix! to chiokona. The feedings were con¬ 
ducted in the following manner. Tho chicks were divided into five groups :— 

Group A fed with infected Lumbricus terrestris. 

Group B fed with uninfected Lumbricus (errestris. 
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Group C fed with infected Eisenia feetida. 

Group D fed with uninfected Eisenia feetida. 

Group E fed with infective eggs of Syngamnx trachea direct. They were 
the controls. 

In all experiments chickens in groups B and D remained completely un¬ 
infected, showing that the earthworms contained no natural infoction. In 
group C (fed artificially infected Eisenia ftrlida) 100% infoctions with 
gapeworm were the result. Disease was produced from gapeworms obtained 
from tho partridge, pheasant, rook, and chickon. Usually tho chicks died and 
post-mortem examination of the trachea showed it to be completely blocked 
with gapeworms. In many oases tho gapeworms were so numerous that tho 
bird diod before the gapes could mature. The number present varied 
from 6 to 51 pairs. About 50% of tho chickens which were fed infected 
Lumbricus terrestris (group A) l>ocame infested with the gapeworm, but the 
infestations wore never heavy enough to cause death. The numbers of pairs 
of gapeworms resulting from these infections never exceeded 8. In group E, 
fed 200 infective eggs of S. trachea direct, less than 25% of the chickens 
became positive. Usually the number of gapeworms recovered was cither 
I or 2, but on one occasion 5 pairs were obtained. 

Investigations arc now being made as to the importance of Eisenia faBtida 
in this transmission of Syngamms trachea from starlings, this iB said to be 
a distinct strain and not easily transmissible to chickens. 

The details of those experiments are shown in Tables I-1V. 

Using Eisenia faiida, the writer was able to transmit Syngamus mendee 
from blackbirds successfully to chickons, thus showing that this species may 
also bo a source of danger to poultry. (Table V.) 

From these experimental results wo can obtain the answer to our first 
problem—that of the species involved in the transmission of gapes. Eisenia 
fcetida is oortainly very important in this respect. Lumbricus terresiris , though 
a potential intermediate host, is less important. 

Our other two problems were sol veil by dissection of tho earthworm. 

Examination of the Artificially Infected Earthworm for Lotvcb of Syngamus 

trachea. 

Specimens of Eisenia fotlida which had been artificially infected with larva 
of Syngamus trachea were killed by drowning. A median longitudinal incision 
was made dorealiy and the gut lifted out whole. The gut and body wall were 
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Table I.—Experiment using Syngamus trachea from the Partridge. 


Material fed. 

No. of 
chicks 
used. 

Age of 
chicks 
in daya. 

Numbers. 

Doce. 

No. of 
positive 
infections. 

No. of pairs 
of gapes at 
autopsy. 

Gbouf A. 

Infected L. UmMrie 

8 

4 

2-9 

3 

earthworms 

4 

No. 2—8 
*» 3—3 
„ 4-6 
5—0 
„ 6—0 
„ 7-4 

it »-o 
„ 0-0 

Gbouf B. 

Uninfected L. ttrreMris 

8 

4 

10-17 

3 

eart h worm s 

0 

0 

Gbouf C. 

Infected E. fatida 

i 

< 

j 

8 

4 

18-25 

fi 

earthworms 

1 

! 

8 

No. 18 61 
„ ID— 31 
20—16 
.. 21 -28 
.. 22-10 
„ 23 32 
.. 24-26 
„ 26-ID 

Gbouf D. 

Uninfected E. fatida 

8 

4 

26-33 

3 

earthworms 

1) 

0 

Gbouf E. 

Infective eggs in water 

8 

4 

! 

34-41 

1 

i 

200 

eggs of 
Synffamus 
trachea 

2 

No. 34 0 
36-0 

36 0 
.. 37-2 
„ »-0 
n 3D—8 
„ 40-u 
» «-0 


All the chick* died in Group (1. 


out into small portions of a convenient size and examined by press pre parations 
in Ringer's solution. The gut was examined with particular care as Walker 
claimed to have found Syngamus larvae behind the gizzard. The present 
writer was, however, unable to find any gapeworm lame in any portion of the 
gut. Lotvsb were, however, obtained from the body wall. Fig. 2, A, Plate 2, 
shows the larva encysted in the body wall and fig. 2, B, after removal. The bulk 
of them wore found in the middle region of the earthworm, but specimens were 
recovered from along the whole length both dorsally and ventrally. They 
occurred deeply embedded in the tnusoles, in a thin hyaline cyst. When they 
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Table II.—Experiment using Syngamue trachea from Pheasants. 


Material fed. 

No. of 
nhinhw 
used, 

Age of 
chicks 
in day 

Numbers. 

Dose. 

No. of 
positive 
infections. 

No. of pain 
of gapes at 
autopsy. 

Grout A. 

Infected L, temstri* 

7 

5 

4-10 

3 

earthworm* 

4 

No. 4 d 

n 5-—ft 

6 -1 

M 7-4) 

.. 8- 0 
.. 0—3 

„ 10- 4) 

Group B. 

Uninfected L. ttrrtdri* 

7 

r» 

11-17 

3 

earthworms 

0 


Group G. 

Infected K. fattula 

! 7 

1 

1 

i 

i 

i_! 

r» 

IK 24 

i 

4 

earthworms 

7 

[ 

No. IS-11 
„ 19-16 

•i 20- -2ft 

m 21—6 

„ 22—13 
» 23-28 
.. 24-26 

Group D. 

Uninfected K, faiida 

i 

! 7 

1 

ft 

i 

1 

25-31 

____i 

5 

earthworms 

0 

i » 

i 

Group E. 

Infective eggs in water 

1 

1 

i 

6 ] 

1 i 

! 1 

■ ! 

i 

i 

l 

l 

i 

i 

i 

L_ _ _ 

32-37 

200 

infective 
eggs of 

H, trachea 

1 

No. 32—0 
.. 33-1 
34-0 
.. 36-0 
36-0 
j „ 37—0 


New. 20, 23, 24 died of the diauaou. AH the others in Group 0 gaped badly. 


wore dissected out from these cysts in Ringer’s solution, they showed con¬ 
siderable activity. From their anatomical structure, they could be recognized 
as third stage lame of Syngamut trachea, The characteristic feature is the 
shapo of the buccal rods, a drawing of which is given, fig. 1, as previously no 
adequate representation of them has appeared. They had not developed 
appreciably from the stage seen in the infective egg. They were, however, 
ex-shcathed. As, however, other nematodes are known to encyst in earth¬ 
worms, one of which, Rhabditis pellio , closely resembles Syngamus trachea , 
this morphological similarity was not considered sufficient for identification. 
Therefore 53 cysts, believed to be Syngamus larvae, were isolated and fed to a 
chicken: 17 days later the chick died and showed 16 pairs of gapoworm in 
the trachea. This is definite proof of the identity of these larv». 










24 


P. A. Clapham. 


Other specimens of Eisenia fatiida which had not bo«m infected with Syngamua 
larva? were also dissected, but no structures resembling these cysts were found 
in the infectod earthworms. Wo have therefore three proofs of the identity 
of these cysts, (a) thoir absence in non-infected earthworms, (6) the structure of 
the buccal rods of the contained embryos, and (c) the production of gapeworm 
after feeding to chickens. 


Table III.—Experiment using Syngmnw trachea from Rooks. 


Material fed. 

No. of 
chicka 
| used. 

1 Age of 

1 chicks 
^ in day«. 

| Numbers. 

i 

1 i 

i l 

r>ooe. 

i | 

■ 

Gnour A. 

Infected L. ferreMun 

4 

i 

i 

13 

i 

! 

3-« 

i 

! i 

i i 

i \ 

earthworms ; 

Group 11. 

TTninfcelrd J„ tnrcutria 

4 

i * 

13 

i ^ 

1 7-10 1 

i ! 

earthworms 

Group ('. 

Infected K. faiidu 

! 

'* ! 

; » 

1 

1 

1 1 

, ' 

! 1 

1 

earthworms ■ 

I 

Group D. ' 

TJninfeclwl K.foAida 

1 

1 + 

1 

13 

| ; 

i 15 1ft ' 

1 

.i__i 

4 ' 

earthworms , 

Group R 

Infective egg* m water 

! 

i 4 

i 

i 

13 

i : 

13-23 , 

i 

1 

■ i 

i 

200 

eggaof 

S. (rotJwa 


No. of No. of pain 
positive of gapes at 
| infections. autopsy. 


1 

i 

! 2 

No. 3-0 
.. 4—2 

„ 6—0 

0 

0 

4 

No. 11— 1H 
„ 12-7 
.. 13-2 
•« 3— 3 

' l> 

0 

"i ' 

1 

No. 19—0 

20—1 

21—0 

22—0 


Other Nematodes Eticystod in Earthworm. 

Considerable care was necessary when dissecting these earthworms as 
several speoies of nematodes are known to encyst in the orelom and muscles 
of various earthworms. Species of at least six genera have been rooovorod; 
they are Drilonma vendestianum (Pierantoni, 1916), PieranUmia micro- 
cephalum (Pierantoni, 1916), Pharyngonema mekmgianu* (Pierantoni, 1928), 
DMujUatia (Wtllkcr, 1926), Ungella tecta (Cobb, 1928), and Rhabditis pelUo 
(JohnBon, 1918 j Otter, 1933). Of thoso, the first five ate unimportant in 
this series of observations. Most of them are rare, occur as adults and all are 
oasily recognisable. They could not be confused with Syngamut trachea. 
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Table IV.—Experiment using Syngamus trachea from Chickens. 


Material fed. 

No. of 
chicks 
used. 

Age of 
ohioks 
in days. 

Numbers. 

Dose. 

! No. of 
| positive 
| infections. 

i 

No. of pain 
of gape* at 
autopsy. 

Gboup A. 

Infected L. UrrtMris 


11 

1-3 

earthworms 

i 

1 

1 

No. 1—2 
„ 2—0 
„ 3-0 

Gao op B. 

Uninfected L. terrtdri* . 


11 

" 

4-0 

- 

earthworms 

0 

i 

0 

Gboup <J. 

Infe< ted S. feetida 

3 

11 

7-9 

3 

earthworms 

3 

No. 7 — 4 
„ 8-10 
is 0—8 

Gboup D. 

Uninfected S.fcottda 

J 

m 

10-12 

* 

earthworms 

0 

0 

Gboup E. 

Infective ogg» in water . , 

3 

11 

I : 

1.V15 

j 

200 

infective 
eggs of 
a. trachea 

1 

1 

No. 13—0 
„ 14-1 
„ i*-o 

Table V.—Experiment with S. merrdai from the Blackbird. 


Material fed. 

No. of 
chicks 
used. 

Age of 
chicks 
in days. 

Numbers. 

Dow* 

No. of 
positive 
| infections. 

1 

No. of pairs 
of gapes at 
autopsy. 

Gboup C. 

Infected E.fcatida . 

:i 

7 

3-r» 

1 

earth worm 

2 

No. 3—0 

H 4—2 

.1 3-1 

Gmonr D. 

Uninfected E.Jcdida 

3 

7 

fi-H 

. 

1 

earthworm 

. 

0 

Group £. 

Infective oggs in water 

r> 

7 

0-13 

100 

eggs of 

S. merultr 

0 

0 


Drilonema can be distinguished by its short oesophagus and blunt tail of 
relatively great length. Furthermore, it occurs free in the coelom of the earth¬ 
worm. Pierantoma is characterized by the fact that the oesophagus is non- 
muscular and is not distinct from the intestine. The two sexes are found in 
copula. This also occurs in the coelomio cavity. Pharyngonema, which is 
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another genua found free in the coelom, ia diatinguiahed by its awollen neck 
region while Diodia only occurs in the sperm sacs. In any case it oamea a 
lateral sucker on the tail quite unlike any other nematode. Ungdla. which 
closely resembles and may indeed be identical with Syjihacnema (Bayba and 
Daubncy, 1920), may occur in the muscles, but this would be easily recognised 
by the mouth cavity, which ia overhung by a pair of cunoua curved hooka. 



iatio buccal ro<U. A : Infective larva, just hutched from egg. The larva ia sheathed. 
B : Infective larva, diHHectcd from mum; lea of earthworm, Eiscnia footida. The larva 
ia ex-Rhc^thod. C : Larva of Khahditis pellio, recovered from the earthworm. Anterior 
end Mhowing typical rhabditiform buccal rodw. 

Rhabditis pettio, however, occurs ns a larva in the earthworm where it often 
encysts among the muscles. It bears some resemblance to the Syngamus 
larva and high magnification is necessary before identification can bo made 
with certainty. It. however, usually congregates at the posterior end of the 
body and encysts in well-developed brown cysts, quite distinct in appearance 
from the thin transparent ones of the Syngamus larva. Two other differences 
occur internally in the larva itself. In the second oesophageal bulb in 
B . pettio there is present the cuticular masticatory apparatus characteristic of 
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the genus Rhabditis. This is absent in the Syngamus larva. Then, too, the 
buccal rods are of the typical Rhabditis shape and appearance and quite 
different from those in Syngamus. Free specimens are often found when 
se ekin g Syngamus larvae, but they can readily be distinguished, not only by 
the morphological characters, but also by the fact that they are very active. 
In Eisenia f(Etida, however, Rhabditis pellio is rare (Otter, 1933). 

Infection of Older Chickens with Syngamus trachea. 

It is generally stated in the literature that infection with Syngamus trachea 
can only be established in very young chickens. They are auBcoptible to the 
worm after hatching, but they gradually develop a resistance which is complete 
by the time they are 0 weeks old. But there have appeared from time to 
time accounts of older chickens harbouring one or more pairs of worms. 
Waite (1930) believes that he transmitted gape worms to yearling hens using 
a large number (150) of infected earthworms. Fifteen days later, two out of 
tliree hens had gapeworrn. He says. 44 worms could be distinctly seen in the 
trachea of two of them by looking down their throats in good light. Two 
woekB later those worms had disappeared. The hens were killod July 20 and 
examined, but no signs of gapeworms were found/' It would have boon more 
conclusive if he had post-mortemod the hens when ho believod they were 
harbouring the Syngamus or at any rate examined the droppings for eggs. 

Morgan, however (1931), records an undoubted case of gapoworm infection 
in a yearling hen. At post-mortem examination 12 pairs of gapeworms were 
found in the lower half of the trachea. 

Old chickens rendered susceptible by means of dietary deficiency. 

It is, however, extremely rare to find old chickens infected and very difficult 
to bring about experimental infections, and the following experiment is of 
interest:— 

Twelve chickens were used. At the age of 10 weeks they were divided into 
three groups and fed as follows:— 

Group A was fed a diet in which vitamin A was completely lacking. It 
consisted of a balanced mixture of steamed casein, tapioca meal, white 
maize, salt, limestone grit, oyster shell, and olive oil. 

Group B was fed a diet very low in minerals, particularly calcium. ThiB 
consisted of yellow maize, white maize, tapioca meal, cod liver oil, salt, 
and cooked lean meat. 

Group C was fed a normal nourishing diet, adequate in a 11 respects. 
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After being on these experimental diets for 3 weeks, groups A and B showed 
obvious signs of deficiency. All the chicks were then given four Eismia fcetida 
which had been infected with Syngamus trachea. After IB days one bird in 
group B showed the sniffle and twitching of the head characteristic of gapowonn 
disease. Faeces examinations were made and in groups A and B Syngamus 
eggs were demonstrated. All tho birds were therefore killed. Post-mortem 
examination showed that three birds in both groups A and B were infected 
with Syngamus tracJim. In each group one bird was free. No gapeworms 
were found in the controls, group C. 

Fig. 3, Plate 2, is a photograph of the infected trachea* and also throe of 
the control tracheae which, however, show only the normal healthy appearance. 

The numbers of gapeworms recovered wen*: Group A, 3, 6, 2; group B, 
4, 1, 2 ; group C, 0. 

A similar experiment had been carried out some months ago before the 
writer realized the importance of Etsenia fcctida in the transmission of gape- 
worm. She was able to infect one three-months-old cockerel on vitamin A 
deficient diet with a single pair of gapeworms using the direct method of feeding 
with infective Syngamus eggs. 

It would soem from those results, that using Etsenia feptida as intermediate 
host, it is possible to induce infection with gapeworms in older chickens which 
are undernourished. 
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Summary. 

(1) Eisenia feetida, an earthworm commonly found in contaminated soil, is 
shown to be the important intermediate host of Syngamus trachea , the common 
gapeworm of birds. 
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(2) Lumbnpus ierrtHrU also acts as intermediate host but is less important. 

(3) Uaing/Aiertw fcet%da $ chickens have been infected with Syngamus 
trachea originating from pheasants, partridges, rooks, and ohiokens. 

(4) Syngamus monies also has been transmitted to chickens via Sisenia 
fastida. 

(B) The third stage larva of Syngamus trachea encysts in the muscles of the 
body wall of these earthworms and may remain dormant there until taken in 
by a chicken or other suitable host, when they hatch and may develop into 
gapeworms. 

(6) No further development of the Syngamus larva occurs in the earthworm. 
They remain as third stage larv®, but they have lost their sheaths. 

(7) They are unlikely to be confused with any other nematodes which have 
been found in the earthworm, except Rhabdilis peUio . 

(8) The larv® of Syngamus trachea in the earthworm can be differentiated 
from those of Rhabditis peUio by the characteristic shaped buccal rods and the 
absence of any outicular valved apparatus in the oesophageal bulb. 
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Metachronal Rhythm and Gill Movements of the Nymph of Gamin 
horaria ( Ephemeroptera ) in Relation to Water Flow. 

By L. E. 8. Eastham, M.A., M.8o., The Department of Zoology, the University 

of Sheffield. 

(Communicated by J. Gray, F.B.8.—Received January 10,1034.) 
Introduction. 

The gill* of some Ephemerid nymphs are always motionless, e.g., many 
Baetine forms of English streams. In many others, however, the gills move 
rapidly in metachronal rhythm, by virtue of which currents are created in the 
water. These currents are peculiar to the species and probably have an 
adaptational significance. In many forms already under investigation, e.g., 
Chlom dipterum, Siphlurus sp. Ecdyonunu venonu, Ephementta sp. Lepto- 
pkltbia marginata and Ephemera vulgata, a common feature is noticeable. 
This is that in their rhythmical movements both members of each pair of gills 
beat together, t.e., and their movements are oo-phasedly synchronised. Since, 
therefore, the effect of the gills on one side of the body is exactly duplicated 
on the other, whatever may be the precise mechanism for the production of 
currents, the latter are symmetrical with the longitudinal axis of the body 
(Eastham, 1932). 

An interesting exception is the nymph of Caenie horaria. In this animal 
the currents pass over the body from one side to the other. The gills beat in 
metachronal rhythm down each side of the body, but though the rhythms are 
synchronous there is a time phase difference between them. In other words, 
members of a pair axe not co-phasedly synchronised in movement. We have 
thus in Caenit horaria a bi-laterally symmetrical animal producing movements 
in the surrounding medium which are not of the nature of an axial flow. It 
is with this phenomenon that this paper deals. 


Methode. 

The currents produced in water by the movement of the pH* are easily 
determined by observing fine particles in suspension. Suspensions of fine mu d 
serve quite well far this purpose as also do cultures of Ciliate Protosoa. The 
latter have an advantage over non-living suspensions since they do not oometo 
test. Ordinary microscopic methods served for observing currents. Meta- 
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chronal movements of the gills in relation to the latter were examined by means 
of a stroboscope. This instrument, fashioned on the lines described by Gray 
(1930), consists of a perforated disc rotated by an electric motor the speed of 
which is regulated by a variable resistance. An electrio light is mounted 
behind the disc and the whole is enclosed in a wooden box firmly screwed to 
the bench. 

The gills lie flat over the back of the animal so making observation in dorsal 
view by transmitted light almost impossible. Direct illumination from the 
stroboscope in a dark room gave better results, though still more satisfactory 
views were obtained by observing the animals in side view by transmitted 
light. For this purpose the nymphs were fixed on their sides between small 
glass plates. Fine entomological pins, inserted through the wing covers 
and bent at appropriate angles served well for holding the nymphs under 
observation in different attitudes. In this way a clear picture was obtained 
of all aspects of the gills in slow motion. The gills are easily detached from the 
body and thus various combinations of gills in action could be observed after 
removal of the others. Comparison was then possible with the effects pro¬ 
duced by the complete set of gills. To avoid the possible ill-effects associated 
with mutilatioh a fine needle was also employed to hold certain gills motion¬ 
less while observations were made on the remainder which were free to 
move. 

The frequency of gill oscillation was measured by means of a speedometer 
fixed to the motor spindle. The speed of the stroboscope disc (the frequency 
of illumination) was then adjusted until the gills appeared to be motionless, 
frequency of oscillation and of illumination being then identical. 

To observe the gills in slow motion the motor was speeded up to a rate 
beyond that of the oscillating gills. It was then gradually slowed down until 
the gills appeared to be perfectly stilL A further slight reduction in the 
frequency of illumination then gave a clear slow-motion picture of the gills, 
their apparent direction of motion under these conditions being the same as 
their actual motion. 

With the stroboscope operating under these conditions it often happens that 
the frequency of oscillation falls below the light frequency. The gills then 
appear to be rising when they am actually falling and vim vena. Unless 
this is reoognixed the observer runs the risk of jumping to strange conclusions 
as to the mechanism involved in current production. Every cam was taken 
in this work to avoid the pitfalls coincident with the phenomenon of strobo¬ 
scopic reversal (Gray, 1930). 
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The Gills. 

The nymph of Caenis possesses six pain of gills on the first six segmnnts.qf 
the abdomen. The first pair are Blender, immobile, tactile processes attached 
to the posterolateral angles of the first segment. Tho aeoond pair similarly 
attached to the next segment have tho form of sub-quadrangular plates 
resembling the elytra of oertain adult inseote. I shall refer to these as the 



Flo. 1.—The nymph of Caenit horaria to show the current passing under the psoudo- 
elytrn from one side of tho body to the other. The first pair of gills are represented 
as a setose prooess projecting at each side. 

pseudo-elytra. When at rest they overlap slightly in the middle line of the 
body and extend posteriorly so as to cover the gills of the next succeeding four 
abdominal segments. They can be raised to a stationary position at an angle 
of about 30° to 40° 'with the body surface wliile the remaining four pairs of 
gills oscillate beneath them. The pseudo-elytra never osoillate, and doubtless 
their main function is protective and to a lesser extent respiratory. 

The four pairs of gills behind them, which in this paper will be referred to aa 
Nos. 1, 2, 3, and 4, are similar to each other except in size, fig. 2. Each con¬ 
sists of a somewhat semicircular plate slightly concave below and convex 
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iboye, ftbd articulated to the posterior angle of its segment by a narrow stalk. 
The gill, fig. 3 V when at rest lies nearly flat on the body with its'straighter 
border towards the front. Each overlaps the next one behind it. Passing 
through the gill-plate is a rich system of branching trachea, the fine ends of 
which pass into numerous fine filaments with which the gill is fringed. The 
distal mAT ginul filaments on the gill are longest. The proximal ones are short 
and a tanmM part of the proximal anterior border is firingeless. Except for the 
shortest proximal ones the marginal filaments are branched—the louger the 



Fio. 2 ,—Dorsal view of the 1st oscillating gill (morphologiosl 3rd) of the right side. Note 
the branches of the marginal filaments. 

filament the more branched is it. Such branches invariably pass ventrally 
to neighbouring main filaments in regular arrangement as shown in fig. a. 

The members of any pair of gills are normally equal in sire, but any gill is 
greater than the one next behind it. This difference of size is of such an order 
that the posterior marginal filaments of one gill extend nearly as far baok as 
do those of the one next behind it. In the resting position the distal bootless 
of a pair of giiis nearly meet in the middle line, the marginal fringe of one ore- 
lapping that of thq other. Each gill of the right side overlaps its fellow of the 
other at e particular moment. At other times the r e v er se oondition applies. 
An individual can and does change the arrangement of its gtOs in tide xeepsot. 
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Water Currents caused by tkr. OUU. 

Tin mam entrant iB observed to enter the space beneath the pseudo-elytra 
at one side and pass out at the other, fig. 1. The direction of this lateral flow 
may be from either aide to the other. If the pseudo-elytra be removed no 
appreciable difference in the current is observed, either in direction or strength. 

Small eddies from the sides of the thorax 
pass backwards and join the main trans¬ 
verse flow. A current, so weak as at most 
times to escape detection, passes from before 
backwards along the distal edges of the 
gills. This probably occurs when the 
pseudo-elytra are present, but owing to the 
opacity of these organs this oannot be 
determined. It may, I think, be safely 
assumed that the pseudo-elytra are not 
concerned with any directional effect on 
the current. 

The flow of water is not continuous but 
pulsating, the pulsations coinciding with 
the gill oscillations. In this pulsating 
flow e ac h thrust in the main direction is 
preceded by a shorter and less pronounced 
movement in the opposite direction. An 
individual can reverse its current. He- 

nf fnnr n.im nf crill. «.t rfs«+. Ver8al ° f fl ° W “ alwa y 8 P rBCeded b y * 
Fro. 3.— view of rotir pairs or guiB at rest , 

•ter removal of the p^udonelytm. momentary stoppage during which the gills 
The filaments of thaw of tJio left me rearranged in a manner to which I 
aide only are shown in very sirapli- ahull M fer later. 

*** * nrm ' From time to time the nymphs of Caenit 

swim by means of slow undulations of the abdomen. During progress 
the gills aro commonly in motion. The effect of the oscillating gills 
on the water is the some as when the animal is stationary. Instead, 
however, of moving the water over its body the body is made to roll 
over sideways in a direction opposite td that in which the water ie made 
to move. Thus in addition to the forward propulsion of the animal produced 
by abdominal undulations there is a body spin imparted by the oeail* 
lating gills. That this is due to the gills eon be r eadi l y shown by their removal. 
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when the animal swims dorsal side up. The spin imparted to the body described 
above is of some advantage to the animal As Caenis swims upwards it finds 
itself with its feet uppermost and within reach of the surface film. To the 
latter it clings with its cI&wb and hanging therefrom, it proceeds for some 
time to pass the clear surface water over its gills. Thus by means of a strange 
acrobatic feat the animal can at any time and for an indefinite period explore 
the more oxygenated water of its environment. 


Gill Mouetnent. 

When the pseudo-elytra are raised, the four pairs of gills behind and beneath 
them begin to oscillate. There is some slight variation in the speed of move¬ 
ment. Readings taken on a number of individuals gave an average of 8*5 
oscillations per second. At times the rate falls to about 7 per second and in 
individuals becoming exhausted through removal of some of their gills it may 
fall so low as to make stroboscopic vision impossible (Gray, 1990). Removal 
of the pseudo-elytra is necessary before the gill movement can be properly 
seen. From the Testing position each gill is raised on its stalk to an angle of 
about 45° with the body surface. In rising, the marginal filaments lag behind 
the gill plate so increasing the concavity of the undersurface. At the same 
time the branches of the longer filaments lag behind the latter so as to lie 
directly beneath and in line with them, fig. 4. On the return stroke a distinct 
thrust is noticeable. The flexed filaments straighten out and their branches 
return to their normal position, t.e., so as to cross obliquely under the main 
filaments adjacent to them, fig. 4. 

In addition to the rise and fall in periodic motion as here described, each gill 
pivots on its stalk in both np and down movements. The pivoting causes 
(i) the gill to face to one side in the upstroke and to the other in the down- 
stroke ; (ii) the gill to traverse an elliptical path in its upward and downward 
movement, figs. 6 and 9. 

Thus with flow from right to left the underside of each gill turns to the right 
in its upward beat and to the left in its downward beat. With such a current 
each gill passes upwards to the right-hand side of its vertical axis of motion 
and downwards to the left-hand side of it, fig. 6 a. 

With a current in the opposite direction the underside of the gill faces left 
on its upward and right on its downward beat. On rising, each gill moves in 
a half ellipse to the left of its vertioal axis of motion and in falling completes 
its elliptical path by passing to the right of this axis, figs. 5 and 6b. That 
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these phenomena have an important effect in determining the direction of flow 
will easily be re&HjcecL 

Metaohronal rhythm in the movement of the gilla is evident as soon as the 
pseudo-elytra are removed. Only by means of the strobosoope, however, 
can such details as the phase difference between adjacent gills be determined. 
Since the gills overlap each other from before backwards, a view from the side 
or from the middle line of the body is most convenient for seeing the rhythm 






A. B. 

Kio. 4.—Dorsal view of a portion of the marginal fringe of gill shown in fig. 1. A, in the 
position assumed during the effective downstroke; B, in the upstroke attitude. 
Beneath each figure is shown the arrangement of filaments as seen in transverse 
section acmes the fringe along the line drawn acmes. 


along a longitudinal series of gills. The phase difference between two adjacent 
gills is then seen to be one-third of a complete oscillation. Further, any gill 
has a leading phase relation to the one next behind it. Thus the first gill 
performs one-third of a complete oscillation, t.e., passes through two-thirds of 
its upward stroke before the second gill of its own side begins its upward 
stroke. It follows bom this that the rhythm is from before backwards and 
that the first and fourth gills of the same side are in the same phase of movement 
The latter fact can be easily verified by watching the first and fourth gills 
alter Nos. 2 and 3 have been removed. The above order of phase difference 
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between the gills in motion is not absolute. Certain individuals had a rhythm 
in whioh the phase difference between gills in motion was such as to put the 
first and fourth out of phase with each other. Such variations are, however, of. 
little moment. No form was found to have any but an antero-posterior 
rhythm. It is worthy of note that in all Arthropods examined by Cannon 
(1928), the rhythm of their limb movement was in the opposite direction. 

The above facts were obtained first by using animals with all the gills intact, 
and later they were verified on animals from which the gills of one side had 
been removed. By this means a single row of gills could be observed from 
both lateral and median aspects of the body. 

Though the gill movements are synchronous throughout, there iB clearly a 
time phase difference between the rhythms passing along the two lateral rows 
of gills. The members of pairs are not co-phaaedly synchronized in movement. 
Between members of pairs the phase difference is one-third of a oomplete 
oscillation, i.e. t a difference of the same order as that whioh exists between 
adjacent gills in a longitudinal series, fig. 6. 

In addition, therefore, to the metachronal rhythm along the gills down each 
side of the body there is a second rhythm passing transversely over each of 
the four gill-bearing segments involving in each segment two elements, the 
members of a pair. 

The transverse rhythm is reversible. At one time the left gill of each pair 
may have a leading phase relation to its fellow of the opposite side. In suoh 
animals it is found that each left gill underlies by its filaments the right gill of 
its own segment in the middle line of the body. Such an arrangement is 
invariably accompanied by a flow from the left side of the body to the right, 
fig. 6. At another time the right gill of each pair underlies, and has a leading 
phase relation to, its fellow of the left side. With this arrangement the current 
produced passes from right to left. It has been observed that the gills come 
to rest momentarily at intervals of from 30 to 60 seconds and a change in 
direction of flow often follows. Reversal in the transverse rhythm as desoribed 
above does not involve a change in the axial rhythms themselves. The relation 
of one axial rhythm to the other alone is changed. 

Since it is easy with the stroboscope to obtain an impression of apparent 
reversal of rhythm which is not real, it ought to be pointed out that every 
preoaution was taken to avoid this error. When a view of the gills “ in reverse ” 
is obtained one sees a gill appearing to move down while in the attitude actually 
amnvH by the gill in its upstroks. It has been pointed oat that on the 
actual upstroke the filaments lag behind the gill plate whereas on the down* 



B. 

5-—A, aimpH fl ed diagram of the gill* in motion u seen from above when produoing 
a enmnt from left to right. The arrow* at the ride* indicate the particular movement* 
being performed by the glllt next to them. Note that right and left (erica are out of 
phaae with each other and that each right-hand gill overlap* it* fellow of the left 
lid* by mean* of it* filament*. B, diagram of a lateral view of the gill* ahown in 
fig. A. In producing the flow from left to right each gill turn* it* lower anrfao* 
to the left in riring (*** left gill* 1 and 4) and to the right in fulling (*ee left gill I). 

.filament* will be outstretched and on the apparent downstroke they will be 
flexed downward*. Also under such conditions, since the gill* appeal to be 
moving up when they aze'aetually moving down the phaae relatione between 
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adjacent gills will appear to be reversed. Gill movement ia under nervous 
control and the rate of oscillation may change while observations are being 
made. Thus if the frequency of illumination has boon fixed to give a slow 
motion picture of actual movement, a slight lowering in the rate of gill oscil¬ 
lation may produce a picture of the gills in stroboscopically reversed movement 
and with reversed rhythm. A lower frequency of illumination will remedy 
this, provided that the effect of “ flicker ” does not necessitate too great a 
reduction in the intensity of light (Gray, 1930). 


The Form of the OiU in Relation to Flow 

Before considering the phenomena of metachronal rhythm in relation to 
flow let us first discuss the possible mechanism whereby the gills cause their 
local flow. 

An important characteristic of the gill is its marginal fringe. This I consider 
forms a bounding surface liable to prevent wasteful eddies. It is well known 
that a wall, topped with stiff grass, will, to a person sitting behind it, afford 
more shelter than one without such a fringe. Tliis is because the grass can 
sway with the stream line of the wind, and the eddies which would otherwise 
be set up on the leeward side of the wall are largely diminished.* The gill 
fringe will act similarly in preventing eddies round the gill border. That it 
does so may be inferred from the weakness of the axial current which passes 
backwards along the gill edges (p. 34). 

A second function may be attributed to the gill fringe—a function 
depending on the difference in its behaviour in up and downstrokes. The 
marginal fringe is so thick and the spaces between them ho small as to 
offer considerable resistance to water flow t>etween them. When the 
filament branches lie across their neighbours a close meehwork in formed 
round the gill plate which is probably for all ordinary purposes impervious 
to water. It is when the gill is in tliis position, fig. 4A f that it makes its 
effective beat downwards, thrusting the water from the inter-gill space be¬ 
tween the falling gill and the one next behind it. On the upstroke, however, 
the filaments become flexed and their branches lagging behind, take up a 
position beneath and in line with the main filaments to which they belong, 
fig. 4B. Thus in the upstroke when the inter-gill space (between the rising gill 
and the one next behind it) is filling with water, there may be expected an 
inflow between the filaments from above. Fig. 4 represents diagrammatically 
surface and sectional views of the filamentar region in up and downstrokes. 
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Each gill therefore hai a form which, like the feathers on a bird’s wing, makes 
an impervious vane on the effective beat and a pervious vane on recovery. 
The different resistance of water offered to the gill in the two halves of a com¬ 
plete oscillation is accentuated by the curvature of the gill plate itself. In 
rising the upper convex surface will allow water to slide over it easily as air 
does over the bird’s wing in its upstroke. On falling, however, the concave 
surface meets the water and the mATiwn im resistance is encountered. This is 
the effective stroke thrusting the water away. 

In connection with the above, the following measurements are of some 
interest. The distances between neighbouring filaments of a gill under the 
conditions of upward and downward movement were measured. The spaces 
between adjacent filaments during the upstroke vary from 0*013 mm. pxxori- 
mally to 0*03 mm. distally. The distance apart of the filament branches 
forming the mesh work during the downstroke is about 0*007 mm. 


GHU Movement in Relation to Flow . 

Since both axial and transverse rhythmfl exist the effects of both should be 
apparent, yet the transverse flow predominates. Even when the gills of one 
side only are present the flow is still to the side. Wo are justified, therefore, 
in concluding that whatever be the causes of transverse flow, the transverse 
rhythm is not the only factor. An analysis of the action of a single gill is 
obviously called for. 

It was at first thought that the clue to the situation lay in the fact that the 
gill possessed a fringe of filaments of varying length along its border. The 
parts where the fringe is longest might be regarded as places where the viscous 
resistance to water flow is greater than the places where the fringe is shorter. 
On this theory a flow with a unidirectional component from the middle line of 
the body (longest fringe region) to the side (short fringe region) might be 
expected. To test this idea the delicate operation of cutting away the fringe 
from all the gills was performed and no difference in direction of flow was 
noticed. The flow was, of course, weaker, the effective area of each gill having 
been reduced by the operation. It follows from this that the fringe is not 
responsible in any marked fashion for the side flow in the manner suggested. 

I have already referred to the fact that in addition to periodic up and down 
motion the giU executes a pivoting movement. Let us consider the gill as 
a flat plate oecillating in the manner described, and in relation to a lateral 
flow oaueed thereby. In fig. 6 the line XY represents the axis of water flow 
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in the direction of the arrows, and the dotted ellipse, the path traversed by the 
gilL The attitudes of the gill in different parts of its path are indicated by 
the firm lines. 

It is clear that the gill is moving at an angle with its own path of motion. 
Further, this angle varies os the gill performs a complete oscillation. 6 is the 
angle between the gill surface and the vertical axis of motion, this being at 
right angles to the axis of flow. This angle is least when the gill is crossing the 
axis of flow and greatest when it is farthest away from it. 

Such a set of circumstances are comparable with those described in the 
movements of fish by Gray (1933, a, 6, and o). The gill of Caenis is related in 
its vertical movement to the axis of flow (across the body) in the same way as 
the tail of u fish is related to its own longitudinal axis of motion. Gray lias 
shown that the net effect of moving a segment of the fish’s body through the 
water at an angle to its own direction of motion is to impress on the body two 
forces, tangential and normal, the resultant of which represents the net pro¬ 
pulsive thrust which drives the body against the resistance of the water. 

With Caents the animal is stationary and the forces generated are expended 
in producing a flow of water across the body. According to Gray, as the angle 
0 decreases, the thrust effected on the water increases and vice versa . In other 
words, the greatest thrust is effected when the body segment of the fish Grosses 
its longitudinal axis of motion. The greater efficiency of propulsion at this 
point also depends on the greater velocity of the body at the time when the 
longitudinal axis is being crossed. That the velocity of the gill varies in a 
similar manner 1 have observed, though only the employment of cinemato¬ 
graphic methods would enable me to analyse it quantitatively. We thus have 
an interesting parallel in the forces involved in fish body movement and in insect 
gill movement. Both are operating on the “ screw ” principle (Gray, 1933, a, 
6, o) the fish performing a figure of eight, the gill an ellipse in each oscillation. 

In the simplified system just described the gill would be expected to thrust 
water to the side equally in both up and downstrokes. That it does not do so 
will at once be understood when it is remembered that (i) the upper surface of 
the gill is convex and the lower, concave; (ii) the marginal filaments are 
flexed during the upstroke ; (iii) the filament branches behave in the upstroke 
in such a way as to allow water to pass between them. 

These facts introduce a feature of additional interest in that the principle 
of the oar in rowing is involved as well as that of the screw. 

We may suppose that the description given here applies to any single gill 
of the left side and oonoerned with producing a flow from right to left, fig. fiA. 
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Its fellow of the right aide would perform exactly the same movement** It 
would turn its undersurface to the right on the upward stroke and to the kft 
on the downward beat. Also it would traverse an elliptical path in its vertical 
movement passing to the right of its median vertical axis of movement aB it 
rises and to the left of this axis as it falls. Since one gill of a pair, however, is 
out of phase with its fellow, one gill would be in advance of the other in its 
action. Thus the effect of a gill, say, the right in a flow from right to left, 
is reinforced by the effect of the left gill, the latter being one-third of a complete 
oscillation behind the former. 



Fio. 6.—Diagram to show the elliptical path traversed by a gill in periodic up and down 
motion and the ohanging angle of the gill to its own path of motion. The arrows on 
the dotted ellipse Indicate the actual path of motion; in A, of any gill concerned with 
a flow from right to left; in B, of any gill concerned with a flow from left to right. 
6 ia the angle between the gill and a line at right angles to the main axis of flow indicated 
by the large arrow. 

Considering further an animal with only the first pair of gills intact: if 
one of these gills is held still by means of a fine needle, the current for reasons 
given above still flows to the side. The same flow persists if the fixed gill be 
allowed to oscilkte and the other one is held still. Now if this same pair of 
gills changes the direction of the current in the water, we find again that 
either gill is capable of producing a lateral flow in the new direction. Thus a 
single gill can produce a flow in either direction. 

Proceeding then from our description of a single gill producing a flow from 
right to left; if this flow is reversed the path traversed is the reverse of that 
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already described, fig. 6B; and the pivoting movements will take place in 
the opposite manner. Should both members of a pair be present we would 
again find one gill, via., the right, reinforcing the effect produced by the left 
which preoedes it in its oscillation. 

Let us now consider the gills in one linear series. If from a complete indi¬ 
vidual producing, for example, a current from right to left, the gills of the right 
side be removed, the current usually continues to flow from right to left. The 
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Fie. 7.—Sine ourroa 1, 2,3,4 (for the left) and l' t 2', 3 # , 4' (for the right) showing oscillatory 
movements of all the gills in producing a flow from right to left. The curves are 
drawn to read from the middle line, those for the left gills towards the left, those for 
the right towards the right side. The period of time involved in the movements 
indicated has been divided into four equal intervals ending at the dotted tines ti, 
C, D, E, respectively for the loft gills and at B l , C 1 , D 1 , E 1 , respectively for the right 
gills. Between adjacent gills periods of compression are marked by the sign «K and 
of suction by the sign —. The attitudes of the gills are given in the small figure* 
above each ourve. In falling the lower surface of each is turned to the left and the 
filaments are outstretched; in rising the lower aide of each faoes right and the filaments 
are flexed (see figures over ourve I under B' And A' respectively). Positions of gills 
of one side correspond with those of the other under the same letter, A with A', B 
with B', C with C\ and so on. 

gills producing this flow move in metachronal rhythm from before backwards. 
They all exhibit the same type of pivoting movement, therefore the effect of 
any gill is reinforced by that of the gill behind it. But because of the rhythm, 
forces of suction and compression are exerted on the water in the inter-gill 
spaces. In fig. 7 by means of sine curves the osoillatory movements of the 
gills in this rhythm are shown on the left of the middle line. Reference to this 
figure indicates that a phase when gills 1 and 2 move apart (suction), is followed 
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by a phase when they approach each other (compression). When gills 1 and 2 
are beginning a suction phase. Nos. 2 and 3 are in compression, and gills 3 and 4 
are coining to the end of a suction phase. Periods of suction and compression 
alternate with eaoh other down the series on the principle expounded by Cannon 
(1928), for the Crustacean Chirocephalus. That the forces invoked in these 
phenomena are significant in moving water is patent. We must oonolude, 
however, from the capacity of a single gill to cause a aide flow, that the effects 
that might be expected from rhythmical alternations of suction and com¬ 
pression between non-pivoting plates, are changed when the pivoting factor is 
introduced, the result being a side flow. 

It has generally been found that an animal from which the gills of one side 
have been removed will continue for some time to deliver water to that side 
which retains its gills. This was so commonly noticed that it was at first 
wrongly thought to be the rule. A current in the reverse direction can, how¬ 
ever, occur. If such an animal with a current flowing away to the side on 
which the gills are retained be fixed on its mutilated side, and a thick suspension 
of fine mud particles be introduced towards this latter aide the current often 
reverses and flows against the proffered mud suspension. This reversal is 
accompanied by a reversal in the nature of tho pivoting movement. No 
ohange of rhythm occurs. 

Therefore, with one linear series of gills several principles are involved in 
current production (i) that which depends on the behaviour of the gill fringe 
in up and down movement—the bird’s wing principle; (ii) the principle of 
the “ screw ”; (iii) the capacity of the gill to reverse this screw action by 
reversal of pivoting ; (iv) that which concerns the alternation of suction and 
compression between the gills, caused by the metachronal rhythm. 

The remarks made on the gills in one linear series apply equally to the gills 
in the linear series of the other side, see fig. 8 on the right. 

There remains to consider the metachronal rhythms and gill movements 
when the gills of both sides are present. We have already seen, in considering 
the gill action in relation to the screw principle, that the effect of any gill is 
to reinforce the effect of its fellow—the result being a flow to one side. It may 
be that this is the only principle involved. There appears, however, to be the 
possibility of an additional factor. 

Let us consider a single pair of gills, say the first, producing a flow from right 
to left. A point of some importance is the fact that the right gill, by means of 
its filaments, underlies the left in this case. Also, the phase difference between 
them in movement is such that the right has a leading phase relation to the 
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left, of one-third of a complete oscillation. Binoe the right gill moves in 
advance of the left and underlies it by its filaments it is perhaps not unduly 
simplifying the oqse to think of the gills of a pair as being applied to eaoh other 
so as to form a continuous membrane. This almost continuous unit may then 
be said to undergo a peristaltic wave from right to left. An initial suction 
phase on the right is followed by a suction phase on the left, a compression 
phase on the right having meanwhile come into existence. Thus on account 
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Fra. 8.—Sine curve* I, 2, 3, 4 (for the left) and 1', 2\ 3\ 4' (for the right) showing the 
oscillatory movements of all the gills in producing a flow from left to right. The curves 
are drawn to read from the middlo Jim*, those for tho left gills towards the loft, those 
for the right towards the right side. The period of time involved in the movements 
Indicated hns been divided into four equal intervals ending at the dotted lines B, C, 
U, E, respectively for tho loft gills, and at B', O', I)', E', respectively for the right 
gills. Between adjacent gills periods of compression are marked by a -|- sign, and 
of suction by a — sign. The attitudes of tho gills are given in the small figures above 
eaoh ourve. In falling the lower surface of eaoh is turned to the rigid and the filaments 
are outstretched ; in rising the lower side of each faces left and the filaments are 
flexed (see figures over ourve I under A' and B' respectively). Positions of gills of 
one side correspond with those of the other under the samo letter, A with A', B with 
B', and so on. 

of the nature of the rhythm across a pair of gills, suction and compression 
alternate across the two members of a pair so as to cause a current in line with 
the rhythm, •.<?., across the body segment. If the gills rose and fell in simple 
periodio motion in such a rhythm without pivoting, a peristalsis of this kind 
would cause a cross flow. We have already seen, however, that for a flow from 
right to left, both gills of a pair turn to the right in the upstroke and to the 
left on the downstroke, a movement which of itself can acoount for lateral 
flow. It would appear, therefore, that with a single pair of gills in action. 









L, E. S. Eutham. 


4fl 

peristalsis and pivoting art complementary factors in the production of a 
flow of water across the body. The fact that the water enters a sub-gill spaoe 
by pacing between the gill filaments during the upstroke of the gill introduces 
a factor which does not seem seriously to affect the principles described above. 
When a single pair of gills with a current from right to left effects a reversal of 
flow, the gills come to rest momentarily. The originally underlying right gill 
now assumes an overlying position with regard to its fellow and at the same 
time the left gill assumes a leading phase relation to the right one. Further, 
the pivoting action which under the conditions of the first current was directed 



Fig. 9.—Diagram of a posterior view ot a pair at gills in three suooessive phases of move¬ 
ment, 1,2, and 3, producing a flow from right to left. The arrow* indicate the direction 
of flow. In 1, the right and in 2, the left gill is rising. In 2, the right and in 3, the 
left gill is falling. It should be noted that the left gill overlaps the right, that the 
right gill is one-third of oomplete oscillation in advance of the left and that the pivot¬ 
ing movements of right and left gills are practioaliy identical. 

to the left side of the body is now reversed and directed to the right. Fig. 9 
indicates diagrammatically the possible effect of peristalsis across a pair of 
gills where three suocossive phases of movement are shown. 

Let us now consider the first pair of gills in relation to those behind them. 
Since the axial rhythm is from before backwards the transverse rhythm across 
any segment must occur, in point of time, a little before that over the segment 
behind it. This being so, the flow over the body across a segment is re- 
infbroed by that over the one behind it. An examination of fig. 7, where 
oscillatory movements of the gills are shown by sine curves and the pivoting 
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movements by the sketches appended above each curve, will dispense 
with any lengthy explanation. In a flow from right to left the compression 
phase between gills 1 and 2 of the right side occurs during the suction phase of 
the left. In other words, the space between gills 1 and 2 of the left side is 
widening to receive water which can be forced into it by the compression phase 
between the right-hand gills. Add to this the fact that the gills are pivoting 
so as to assist this directional flow and the transverse flow where two adjacent 
pairs of gills are involved will be understood. 

What applies to the first inter-gill space will apply equally well to the inter¬ 
gill spaces between gills 2 and 3 and gills 3 and 4. 

The same principles will also hold for a current passing in the opposite 
direction ; transverse rhythm, overlapping relations between members of 
pairs, and pivoting being of the opposite order to those described above, 
fig. 8. Actual reversal is always accompanied by changes in rhythm, over- 
lapping and pivoting. 

I have pleasure in thanking Dr. J. Gray, F.B.S., for the loan of a stroboscope 
during the early part of the work and for much helpful advice on its use. To 
Mr. K. G. Blair I am indebted for identifying the adult insects on emergence, 
and to Dr. C. G. Lamb for helpful discussion during the progress of the 
work. 


Summary. 

(1) The nymph of Coenw, by means of the oscillatory movements of four 
pairs of gills, produces a flow of water across the body from one side to the 
other. The current so produced is reversible. 

(2) The gills rise and fall in periodic motion traversing an elliptical path, 
and make, by a pivoting action, an angle with their own path of motion. The 
metaohronal rhythm in the movements of gills along each side of the body is 
from before baokwards, but the gills of one side when in motion are always 
out of phase with those of the other. A transverse rhythm therefore exists 
across each pair of gills, this rhythm being in the direction of the water flow 
across the body. The transverse rhythm is reversed when the direction of 
the water current is reversed. 

(3) The following factors are significant in determining transverse flow:— 

(a) The fllamentar fringe along the edge of each gill behaves differently in 

the upward and downward parts of each oscillation. Water passes between 
the filaments to the sub-gill space during each upstroke. In each downstroke 
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the filaments, by lying across each other, form a dose mesh which by virtue 
of the smallness of its pores may be regarded as a membrane impervious to 
water. The gill is thereby rendered more efficient for moving water in the 
downward part of an oscillation than in the upward beat. 

(b) Each gill turns its undersurface against the direction of flow in the up- 
stroke and with the direction of flow in its downstroke. The principle of the 
screw involved, by virtue of the fact that the gill is inolined at an angle to its 
own direction of motion, is sufficient in itself to aocount for a flow across the 
body. A single gill can and does produce such a flow, and by itB capacity to 
reverse the nature of its pivoting movements is able to cause a flow from right 
to left or from left to right. 

(c) Since the gills act as plates moving in metaohronal rhythm from before 
backwards, the alternating periods of suction and compression passing along 
any series of gills are significant in causing water movement. 

(d) Any pair of gills by means of their filaments overlap, the one over the 
other in the middle line of the body. Upward movement of the underlying 
one begins first, and the transvorse rhythm passing over them acts as a peristaltic 
wave driving water across. The effect of such a peristaltic wave over any 
segment iB reinforced by that over the segment next behind it because of the 
metaohronal rhythm which passes over the longitudinal series of gills from 
before backwards. 

(4) Reversal of flow is associated with ohanges in (i) the method of pivoting 
of the gills; (ii) their manner of overlapping as members of pain; and (iii) the 
dixeotion of the transverse rhythm over the gills. 

The axial rhythms never change individually, but the relation of the axial 
rhythm of one side ohanges with respect to the axial rhythm of the other thus 
causing a reversal of the transverse rhythms involving gills forming segmental 
pain. 
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The Measurement and Analysis of Colour Adaptation Phenomena. 

By W. D. Wright, A.R.C.S., D.I.O., Ph.D., Lecturer in Physics, Imperial 
College of Science and Technology. 

(Communioated by Sir John Parsons, F.A.S. —Reoeived February 3, 1034 ) 

Introduction. 

The phenomenon with which this paper deals is one that can be readily 
observed without any special apparatus at almost any time and is, indeed, 
familiar to all those concerned with visual matters, whether scientists, artists 
or others. Thus when the eye gazes at a patch of light for a short time the 
sensitivity of the eye is modified and the appearance of a coloured object will 
be changed from its normal appearance to an extent dependent on the nature 
of the initial patch of light. The object of the experiments described below 
has been to measure such changes under various conditions: for different 
intensities and colour of the initial patch; for varying times of viewing this 
patch; and for a test object whose colour and intensity is also variable; and 
finally to attempt to relate the results to the adaptation process and the three- 
colour response curves of the eye. 

Fig. 1 is a schematic diagram illustrating the aotion of the visual mechanism. 
To the left of H, a, b,c,d, ... represent the visible radiations of various wave¬ 
lengths and amounts of energy, while to the right of H the diagram represents 
the visual chain leading to the brain. At some point P along this chain the 
visual response is divided into three independent paths A, B and C. Each of 
the radiations a, b, 0 , d, ... may have been modified into stimuli o', 6 ', o’, 
d', ... but eaoh radiation will still have its corresponding stimulus at P and 
each will, in general, contribute something to the three responses A, B, G. 

This analysis admits, for the sake of generality, the possibility that o, 6 , 0 , 
d, ... might each react to produce its own independent nerve response, the 
magnitudes of these responses being represented by o', V, c\ d', ...; these 
nerve impulses themselves can then be regarded as stimuli that react at P to 
produce responses along A, B, and C. In practice it is very difficult to conceive 
that o', V, o', d', ... oan be different in nature from o, b, e, d, .. ., although their 
relative magnitudes may have been altered by absorption in some intermediate 
pigment. 
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Now it is well known that when the eye iB directed to a fairly bright area of 
light, the sensation is much greater during the first two or three seconds than 
it is after two or three minutes. This is generally ascribed to a reversible 
photochemical action in which Borne substance is decomposed by the light at 
a decreasing rate until the rates of decomposition and regeneration just balance. 
It is of considerable theoretical interest to know whether this process takes 
place at H, at P, or between H and P, say at M ; or it may possibly occur as 
three independent processes along A, B and (J, say at N. A fundamental 
point in tins connection is the experimental fact that when a colour match 
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Vio. 1.—Sohematio diagram to illustrate action of visual mechanism. 


(viewed at the fovea) is made between a test colour and a mixture of three 
physical primaries, say a red, a green and a blue, then if the eye is subsequently 
allowed to view a bright patch of light of any colour and become adapted to 
that higher intensity level, the colour match will still appear to hold when the 
eye is re-directed to the two patches. This is true at least over a wide range 
of intensity. Hence if the adaptation process occurs at M, it can only act by 
reducing the stimuli, of all wave-lengths, by the same .factor. This can 
be compared to the introduction of a rotating sector in the beam just before 
it eaten the eye. If any action took place which produced a ohange in the 
relative values of o', V, o', d', ... it would be equivalent to the introduction 
of a ooloured glass into the beam, instead of a sector. It ia airily d-n vyrtre ttd 
that this would, in general, affect the appearance of beams having the 
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colour but different spectral composition in different ways and a match between 
two suoh beams would accordingly be destroyed. 

We therefore arrive at the very important conclusion that any adaptation 
process produces either uniform reductions of all the stimuli to the left of P 
or specific reductions of the three responses between P and the brain, or both. 
And we can anticipate that measurements of the effects of colour adaptation 
should provide evidence to determine Which of these alternatives is the oorrect 
one ; to indicate the nature and laws of the process ; and possibly to determine 
the proportions in which a, 6 , c, d, ... each stimulate the three response paths, 
that is, to determine the three spectral response or excitation curves. 

Apparatus and Technique. 

The apparatus used was the trichromatic colorimeter designed by the author, 
in which three spectral radiations are used as primaries and mixed in pro¬ 
portions that can be controlled by the observer to match any given test colour. 
The optical system is shown in fig. 2. This is similar to the system described 
elsewhere (Wright, 1927-28) except that while the test colour is still viewed 
by the right eye, the other patch, the mixture of the three primaries, is now 
viewed by the left eye. 

The function of the apparatus is briefly as follows : Light from a pointolite 
lamp S is fooussed on the slit of a collimator and from the collimating lens C 
a parallel beam passes through two 60° dispersing prisms and the top half 
of the beam is brought to a focus in a spectrum W x by the lens T r The lower 
half of the beam is reflected by the prism R x and is focussed in a second spectrum 
at W r In W t a small roof prism, T.C., reflects a narrow portion of the spectrum 
back through the optical system along a lower level until it is reflected by the 
prism D v In spectrum W s three small prisms it, G, B reflect back three 
portions of the spectrum through the dispersing prisms, the dispersion is 
neutralized, and a parallel beam composed of a mixture of the three radiations 
is reflected by D r The beam from D x passes through au aperture and is 
focussed by O t at the exit-pupil E lf while that from D s passes through a peri¬ 
scope prism P, then through K t and is brought to a focus at E a . The right 
eye is placed at and the left at E r K x and K t each subtend approximately 
1° X 2 ° at the eye and their separation and that between E x and E a are adjust¬ 
able to suit the observer. In this way it can be arranged so that, by suitable 
convergence of the two eyes, the two patches are brought into apparently 
contiguous positions, while at the same time each patch is focussed on the 
fovea of the eye concerned. Small circular apertures (diameter =* 0 040 
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inch) are ueed an exit-pupil* at Ej and Eg and variatioiw in measurement due 
to changes in the iris of the eye an thus eliminated. The monoohromatio 
patch eeen at Ej serves as the test colour; 'its mean wave-length can be varied 
by moving the T.C. prism through the spectrum W t . The patch at E a was, 
throughout the present work, illuminated by a mixture of three radiations of 
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Flo, 2.—Optical system of triohromatio colorimeter. 

wave-lengths 0-65 (i, 0 63 p, and 0• 46 p. These radiations acted as the instru¬ 
ment primaries and their relative intensities could be controlled by the observer 
by manipulation of photometric wedges, H, mounted in front of R, G, B. 

For some of the experiments, the patch to produce the adaptation was obtained 
direct from the pointolite lamp via the prism F lt the lens Q„ the prism F a and 
the lens G r An image of the tungsten ball of the lamp was formed in a small 
aperture (diameter = 0-036 inch) at E a . When the eye was placed at E a , the 
lens G a appeared as a uniform patoh of light of 6° angular subtense. Neutral 
filters and coloured Wratten filters could be used to control the intensity and 
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colour of the patch ahd in addition a series of fixed aperture sectors could 
be rotated at J to vary the intensity by known amounts. The energy dis¬ 
tribution of the light approximated to tliat of a black body radiation of 
2100° K. 

A monochromatic patch for the adaptation was also provided by mounting 
a narrow mirror in the spectrum W t and reflecting the light above the main 
apparatus into a lens, not shown in the diagram, fixod some distance vertically 
above 0 1 . When the eye was placed at the focus of this lens a circular patch 
of monochromatic light, of about 8° angular subtense, was seen. 

In addition to the monochromatic test colour from the T.C. prism, a white 
test colour could also be used. This was obtained by illuminating a white 
magnesium oxide screen by light from a UXX) watt tungsten filament lamp. 
The colour temperature of the lamp was approximately 2500° K., but the 
position of the white point in the colour triangle was measured in each experi¬ 
ment. In all the work the intensities of both the pointolite lamp and the 
filament lamp were kept constant throughout a series of experiments by accurate 
control of the voltage supply. 

The experiment is essentially quite simple. After a period of dark adapta* 
tion lasting about 30 minutes, the teat colour, as seen by the right eye, is 
matched against a mixture of the three instrument primaries as seen by the 
left eye. The wedge readings are then noted by a second experimenter who is 
operating the apparatus. The observer now puts his right eye at E s and gazes 
steadily at the 6° patch of light for, usually, 3 minutes. Jn the meantime the 
left eye is unilluminated. At the end of the 3 minutes the head is moved 
rapidly back to the colorimeter so that once again the test colour is viewed by 
the right eye and the three primaries by the left. The previous match no 
longer holds and the change is measured by adjusting the intensities of the 
primaries as quickly as possible until a correct match is obtained. The observer 
announces when this has been done so that the operator can again record the 
readings and in addition, with the aid of a stop-watch, the time at which the 
observation was made. The observer's right eye is in the meantime recovering 
from its depressed sensitivity and a fresh match must be made to determine 
the course of recovery. In practice it is found possible to record observations 
about once every 30 seconds, the first match usually being made about 10 or 
16 seconds from the end of the adaptation. Each experiment is repeated to 
enable a mean curve to be plotted. Sometimes the repeat experiment was 
not conducted immediately after the first adaptation, but a series of experi¬ 
ments were made and then the whole series repeated. 
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The validity of the experiment rests on the assumption that the sensitivity 
of the left eye remains unchanged throughout and can therefore be used as a 
standard of reference. This is not Btrictly true, but it can be readily observed 
that the change produced in the right eye is many times greater than that 
produced in the left. It would undoubtedly be best to allow for the effect, 
were that possible, but the error introduced by not doing so is of no significant 
magnitude. 

The presence of superposed after-images of any appreciable intensity would 
also tend to confuse the interpretation of the results, but with the possible 
exception of the bine, no effect of this sort has been observed. The reason 
for this is the relatively low intensity of the after-images compared to that 
of the teet colour. That no disturbing effect is present is shown, for example, 
by the fact that reversals from positive to negative after-images cause no 
alteration in the appearance of the test colour. 

The unite in which the observations are recorded are based on matches of 
a monochromatic yellow, of wave-length 0*6826 p, in whioh the amounts of 
red (0-66 p) and green (0*63 p) are taken as equal, and on a match of 0*4940 p. 
in which the amounts of blue (0*46 p) and green (0*63 p) are considered equal. 
This method of obtaining the units and its advantages for visual research, 
have already been described by the author (Wright, 1929). The relative 
brightness of unit, quantities of the three primaries, for the author’s eye, are 
as follows:— 

L* (0*66 p) : 0*«48 
J«, (0*53 p): 1*000 
L„ (0*46 p) : 0*061. 

The retinal intensity in photons of both the test colour and the adapting 
radiation are given in the results recorded below. These were obtained from 
measurements on a Hefner lamp, but must be regarded as of an approximate 
nature only. The experiments have usually been arranged so that the particular 
point under investigation was dependent on relative rather than absolute 
measurements of intensity. It is nevertheless important to know the level 
of intensity at whioh particular experiments have been made, both for com¬ 
parison with previous work and as a guide to future investigations. 

All the observations recorded have been made by the author. The time to 
acquire facility in making binocular matches and the necessity of oontinual 
checking of the results by repeating the e x peri m ents have made it impossible 
to extend the research to include detailed observations by other observers. 
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Mr. F. H. G. Pitt, however, has repeated a number of representative experi¬ 
ments and his results have agreed in their general characteristics with those 
of the author. Owing to the limitations of space, only the essential results 
obtained by the author have been given ; in all, some 5000 matches were 
recorded. 


Typical Recovery Curves. 

In fig. 3 the results for a typical experiment are shown. The initial match 
on the test colour, which happened to be a white (retinal intensity about 200 
photons), gave the amounts of the three primaries as 

R -- 1750, G — 1900, B — 970. 


While the relative magnitudes of these quantities have the significance defined 
above, the absolute magnitudes are quite arbitrary, depending ou the cali- 



t in secs. 

Fig. 3.—Recovery curves using an adaptation radiation of wave-length 0*66 g, and 
intensity 1500 photons with a white tost oolour, R — 1750, G «= 1900, B *= 900, of 
intensity 200 photon**. 

bration ourves in use at the time of the experiment, the presence of auxiliary 
filters in the apparatus and so on. It should be noted that.R, G, B will always 
bo used to indicate the values of the initial match made on the test colour. 

As adapting radiation a monochromatic patch of mean wave-length 0-56 p 
was used with an approximate retinal intensity of 1500 photons. Three 
minutes adaptation was allowed. Measurements of the recovery of sensitivity 
were made in the manner already described and the whole experiment repeated. 
In fig. 3 the ordinates give the time, /, in seconds from the end of the adapta¬ 
tion, while the abscisssa represent the intensities r, g, b required by the dark 
adapted left eye to match the test colour as seen by the light adapted right 
eye. . In the remainder of tide work, r, g, b will always be used to represent 
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measurements made on the test oolonr during the recovery from the adapta¬ 
tion ; where a s uffix is added, thin indicates, in seconds, the time from the end 
of the adaptation, at which the measurements were made. 

The amount of scattering of the points gives an idea of the reproducibility 
of the physiological condition of the eye and of the difficulty of the observa¬ 
tions. With practice the matches can be made fairly easily, although the 
experiment is rather liable to disturbance from extraneous influences. The 
scattering is especially noticeable in the blue, on account of its low luminosity 
and for this reason unless the blue values were particularly required owing to 
the nature of the experiment, only the red and green values were recorded. 
This had the advantage that the operator had to record only two, instead of 



three readings each time a match was made, thus saving time and allowing 
more matches to be made; in addition the observations were centred on 
the most reliable quantities. 

The first point to note in connection with fig. 3 is that although the blue has 
returned to its original value after the recovery has lasted about 200 seconds, 
the red and green are still considerably below that level This is a characteristic 
that is found in almost'every experiment, namely, the rapid and complete 
recovery of the blue and the more or less rapid but incomplete recovery of the 
red and green. The recovery of the latter is, of course, completed, but at a 
much slower rate. The complete course of recovery is as shown in fig. 4; 
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for intensities of adaptation between 1000 and 10,000 photons, 30 minutes 
may elapse before the original value is regained Yet visually the depression 
of the red and green at t = 200 or 250 seconds is relatively slight and insigni¬ 
ficant compared to the much greater depression immediately after the adapta¬ 
tion. We can anticipate the discussion given later to state that the rapid 
recovery represents the recovery from the light adapted state to a mean level 
of adaptation, while the prolonged recovery measures the development of the 
enhanced sensitivity normally associated with dark adaptation. Beyond that 
we need only at present note the delay in the complete recovery and at the 
same time point out that the main process is in fact completed after 200 or 
300 seconds. Our attention will be largely devoted to this portion of the 
curve. 

The most striking feature of fig. 3 is the linear nature of the curves. This 
has been repeatedly confirmed by numerous experiments, exoept when very 
high intensities of adaptation are used. It may, perhaps, be objected that for 
small values of say, 5 or 10 seconds, a large percentage error in r or g would 
produce only a negligible displacement from a straight line, but a comparison 
with the non-linear curves obtained with high intensities shows the striking 
difference between the two and indicates the probability that if the recovery 
curves were not linear below 10 seconds, the non-linearity would still be 
apparent after that time. Moreover, in a number of curves given later the 
intensity at 10 seconds is considerably higher tlian in fig. 3, and a much smaller 
displacement would be noticeable. It is, of course, very easy to imagine that 
in the first second or two, the recovery processes might start, perhaps, with a 
sudden burst of activity or, more probably, a short delay might occur before 
the action commenced. In neither process, unfortunately, would it be possible 
to measure such effects in these experiments, but the conclusions that have 
been arrived at are not greatly affected by possible secondary effects of this 
sort. 

Within the limitations implied above, the lines can be produced back to 
intersect the axis at t = 0 and the values of r, g and b at this point will measure 
the sensitivity of the eye at the time when the adaptation is just ended. These 
values will be of particular significance in measuring the depression of sensi¬ 
tivity for varying time and varying intensity of adaptation. 

It may be notioed that the green ourve intersects the axis very dose to a value 
of <7 ■= 0 . This is of no special theoretical consequence; in fact, for some 
combinations of test colour and adaptation, the curve may cross the axis to 
give negative values of g. It is then simply an indication that the colour seen 
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by the right eye lies outside the colour triangle made by the three instrument 
primaries used in the left eye. It is of some practical importance as it tends 
to limit the number of combinations of test colour and adapting radiations 
that can be used, since a negative amount of primary is not physically available. 
Incidentally, even if there were no other reason, the presence of negative 
quantities illustrates the desirability to record the recovery in terms of r, g 
and b, rather than by log r, log g and log b . It will be shown later that r, g 
and 6 are the significant values in which we are interested. 


Variation of Time of Adaptation . 

Considerable theoretical interest attaches to the determination of the effect 
of varying the time of adaptation and, in addition, it is very important for 
the rest of the work to know how long the eye must be light adapted before 
the photochemical balance between decomposition and regeneration is reached. 

In fig. 6 (a) the recovery curves for adaptation times ranging from 10 seoonds 
to 3 minutes are shown. In this experiment a monochromatic test colour, 
wave-length 0*6825 \x and retinal intensity 240 photons, was matched in the 
left eye by 

R = 1864, G =«1864. 

A white adaptation, intensity 2000 photons, was used. 

As might be anticipated, the depression of sensitivity was greater the longer 
the time of light adaptation. The depression values at t = 0 are plotted in 
fig. 6 (6) against the time of adaptation to give a curve which is a record of 
the course of the light adaptation process. It is interesting to note how very 
rapidly the sensitivity is depressed and to realize that an action of this type 
occurs whenever the eye is directed to an area appreciably brighter than the 
one to which it had been previously adapted. The effect is not particularly 
notioeable under normal conditions when the eye may pass rapidly from one 
object in a room to another; then the adaptation level is determined by the 
average brightness of the objects in the room, and the eye will not usually rest 
on any one object long enough to be adapted to its particular level. But 
when entering a brightly lighted room from a dimly lighted one, the visual 
response is much greater in the first few seconds than after 2 or 3 minutes. 
Fig. 6 (6) in effect illustrates the course of this process. It is, however, not 
to be expected that this curve would be of much value in determining the actual 
photochemical process taking place. A number of equations could be developed 
•aoh of which would fit the observations within the accuracy warranted by the 
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experiment. In this experiment, the observations for the shortest fatigue 
are very widely scattered. Variations of this sort are not uncommon, as a 
slight hitch in the procedure or a momentary uncertainty may upset the 
observations to an unpleasantly large degree. 

An important feature of fig. 5 that should be noted here, although it will 
not be discussed until later, is the fact that the recovery curves are nearly 
parallel to one another. This is somewhat unexpected, but it has been repeatedly 
confirmed and a similar result is found when the intensity of the adaptation 
ia varied. This at least satisfies one condition that we should expect to hold, 
namely, that at the same level of sensitivity the rate of recovery is alwayB the 
same, whatever the previous depression has been. This would not be so if 
I og r, etc., were plotted against t. 

The practical point in which we are interested, the time to allow to ensure 
that the balance point in the adaptation process has been reached, is answered 
by these results. Evidently a period of 3 minutes light adaptation should be 
adequate for most purposes. It is not to be assumed that after 3 minutes the 
visual mechanism is in a perfectly stable condition. This is very unlikely, but 
any changes that do occur are certainly both small and gradual. In the rest 
of the work 3 minutes adaptation has been used. 


* 

Variation of Test Colour and Determination of the Fundamental Reeponse 

Curves. 

(a) Variation of Test Colour.—In the experiments already described the 
test colour used was selected because it had a convenient proportion of red 
to green and was of a suitable intensity. It must now be shown what effect 
a variation in either intensity or wave-length of the test colour has on the 
recovery curves. 

In fig. 6 the recovery curves for the red and green primaries ore given for a 
white adapting light (intensity 700 photons) and a yellow tost colour. Three 
intensities of test colour were used, the highest being 10 times brighter than the 
lowest. The reduction in sensitivity can be compared for the three by extra¬ 
polation to 1 = 0. These values, r 0 and g 0 , are compared to the initial matches, 
R and Q, in Table 1. It will be seen that gJQ has an approximately oonstant 
value, while the values for r 0 /R are all of the same order. 

There are probably two main reasons to account for the deviation from a 
oonstant value. In the first place for the highest intensity of test oolohr, the 
difference of intensity between the test colour and the adapting radiation is 
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not very great, so that immediately the matches are attempted the left eye 
will tend to become light adapted to an appreciable extent and a greater value 
of f or g will be required. Hence one condition for successful experiments is 



Fig. ft. —Beoovery curves using white adaptation, intensity 700 photons, and the three 
intensities of test, colour, wave-length 0*5620 p. (a) Intensity of test oolour, 360 
photons, B = G =* 2510. (6) Intensity of test oolour, 160 photons, R«=G« 1120. 
(c) Intensity of test oolour, 36 photons, R « G « 250. 


Table I. 


Intensit 

B. 

jy of T.C. 

! 1 


2*. 

r.l R. 

9.10. 

360 ph 

2510 

□ton* 

2510 

380 

600 

O'151 

0*239 

100 ph 

1U0 

koton* 

1120 

16Q 


0134 

0*214 

86 ph 

200 

in tons 

250 

25 

05 

0*100 

0*220 
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that the test colour should be of low intensity in comparison with the adapting 
radiation; the effect of the light adaptation in the left eye will then be negligible 
in comparison with the right. The other source of variation is the inherent 
inaccuracy in extrapolation to t = 0. This should not be very great in fig. 6, 
but with higher intensities of adaptation and correspondingly smaller values 
of r 0 and g 0 , the percentage error may be very appreciable. For this reason 
it is more reliable to compare readings at some time shortly after the recovery 
has started, say at / = 20 seconds. 

This has been done for the same test colours used above but with an intensity 
of adaptation (3500 photons) live times as great. The values obtained at 
t = 20 seconds are given in Table II. In this cose the agreement for the three 


Table II. 


Jut* unity of T.C. 

k. j a. 

r M . 

9j»‘ 

r„/H. 

»h/U- 

»00 ph 

8610 

□tons 

3010 

1 

320 

480 

0-187 

Q-1S7 

ISO photons 

1130 | 11*0 

i 

100 

175 

0134 

0-150 

3A photon* 

360 j 360 

35 

47 

0-140 

O'lSS 


test oolours is more convincing and is, in fact, as close as oould be expected in 
view of the difficulty of the observations. 

The implication of this result is that if an intensity t caused the same sensa¬ 
tion in the dark adapted eye as an intensity I in the light adapted eye, then a 
reduoed value of t, say i/10, would produce a reduced sensation in the dark 
adapted eye that would be matched by an intensity 1/10 in the light adapted 
eye. In addition to other experiments similar to the above, this was also 
checked directly by measuring the reoovery from a given adaptation in the 
ordinary way and then repeating the experiment with a sector introduced so 
that it cut down the beams equally in the right and left eyea. The curves 
obtained should coincide; a very close agreement was found, as shown in 
fig. 7. 

It is evident, then, at least for intensities that are small in comparison with 
the degree of adaptation, that if we have a match between intensities of i and I 
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measured at different sensitivity levels, the match will also hold between at 
and oil. This relation has been postulated before as a “ law of coefficients ” 
(von Kries, 1904), although the experimental evidence on which it was based 
does not seem very adequate. So far as can be seen, the only reason that the 
relation oould not be said to hold for all intensities, large or small, is that a 
large intensity would immediately produoe a change in the state of adaptation. 
If observations could be mado before this change occurred the same relation 
would presumably be found to hold. 



Fkj. 7.—Green miovory curve using white adaptation, intensity 1200 photons, and yellow 
test colour, wave-length 0 5825 \i. G *=■ 544. Results are shown for thivc levels of 
intensity of tent colour and comparison beam, obtained with rotating sectors to 
intercept beams in both the right and left eyv. Intensity of tout colour • 300 
photons ; O 00 photons ; x 3fl photons. 

An important corollary to observe is that these observations provide strong 
circumstantial evidence that r f y and b are direct measurements of the response, 
as opposed to other functions such as log r, log g> log 6. When the sensitivity 
of a mechanism is reduced, the response aroused by any given stimulus is 
usually reduced in a ratio independent of the magnitude of the stimulus. 
This will only hold in the present case if we measure the response in terms o£ 
r, g and b. 

Now suppose R', 6' and B' are the hypothetical stimuli that produce 
responses along A, B and C, fig. 1, respectively. Then a reduction in sensitivity 
produced by light adaptation will, for a test colour that stimulates A alone, 
produce an intensity depression of R' but no colour change ; similarly if B or 
C are stimulated alone. Then if, in a given state of adaptation, R' were 
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reduced to / and O' to tf, as each response is independent, (R' + G') would be 
reduoed to (r' + ^), (2R' + G') would be reduced to (2r' + 9*) and so on. 
In other words the geometry of the colour triangle holds equally well for the 
depressed eye as for the eye in its normal state. This also follows independently 
from the fact that a three colour match made in one eye remains a match even 
when the eye is light adapted over a wide range of intensity. Hence if the 
effect of a particular colour adaptation on the colours of the three instrument 
primaries R, G, B is known, then the effect on any colour in the colour triangle 
can be calculated. 

This deduction is also given by von Kries (1904), but it Beemed desirable to 
cheek it experimentally and the results of one test are given below. Three 
monochromatic test colours, 0-66 p, 0*5825 p and 0*63 p, were used. For the 
adaptation the beam direct from the pointolite was used with a green Wratten 
filter interposed (intensity 1200 photons, spectral distribution not determined). 
The values of r, g and b for each test odour were read off from the recovery 
curves at t = 20 seconds to give the results shown in Table III. 


Table III. 


Wavelength 
and intensity 
of 

T.C. 

Observed values. 

Reduoed values. 

R. 

G. 

r ir 

Pw 

R. 

G. 

'it- 

fir 

o-Wfi, 

60 photon* 

1746 

— 

270 

— 

1000 

_ 

100 

_ 

0-0825 it, 

170 photons 

1941 

1941 

300 

212 

1000 

1000 

180 

109 

0*08 ih | 

70 photons 

— 

1887 

06 

140 

— 

1000 

41 

100 


The left half of Table III gives the results for the actual amounts of the 
test colour that were used ; on the right-hand side the data have been reduoed 
to amounts of R, G and B that can be directly compared. In these units the 
values of and for the 0*65 p and 0*53 p test odours should, when added 
together, give the r w and g m values for 0*5825 p. The agreement is remark¬ 
ably dose. Similar experiments have confirmed that result, although the 
margin of experimental error has usually been greater than hero. 

The effect of varying the test colour is thus reduced to a matter of colori¬ 
metric additions and subtractions. If the intensity of the test colour is 
reduced, the reoovery curves are reduced by the same amounts throughout; 










Colour Adaptation Phenomena. 


65 


if the oolour is changed, the change can be na.1wnU.tail provided the effect of 
the adaptation on three arbitrarily selected primaries is known. These oon- 
clusions must not be regarded as absolutely rigid; they appear to hold at least 
very approximately over a mean range of intensity, but at very low intensities 
after-images will be of comparable and disturbing magnitudes. 

(b) Determination of the Fundamental Response Curves .—It has been men¬ 
tioned above that if we could find a test colour that stimulated only one of the 
responses then no matter how the sensitivity of the eye was depressed, no 
oolour change could be evoked; for a oolour change necessitates a change in 
the proportions of at least two of the responses and since only one is being 
stimulated, no qualitative ohange can bo produced. 

Further, if the positions in the colour triangle of these three fundamental 
stimuli were known, then the fundamental response or excitation ourves could 
be computed by combination with the trichromatic mixture ourves and the 
luminosity curve. Henoe to determine these response curves it is only 
necessary to find those theoretical stimuli that, no matter how the sensitivity 
of the eye has been depressed, evoke sensations that are modified in intensity 
but not in colour. 

A direct investigation of the spectral radiations for this property can be 
made very easily. The patohes in both the left and right eye can be illuminated 
with the same spectral radiation and the right eye can then be adapted with any 
ooloured light. For a comprehensive test red, green and blue adaptations 
should all be used. At the end of the adaptation the two monoohromatio 
' patohes are again viewed and if no colour ohange has been induced in the 
right eye, it should be possible to obtain a match merely by reducing the 
intensity of the light in the left eye. It should be noted that the term “ oolour 
change ” is intended to inoludo a change in saturation as well as a ohange 
in hue. 

If such a series of experiments is conducted, it is found that in two regions 
of the spectrum there are radiations in which only very small changes are 
induced. The first of these is in the extreme red, from 0*70 p to the end of 
the spectrum. With this test colour, with any wave-length of adapting light, 
only an insignificant colour change is induced. Sometimes a small amount of 
blue, the origin of which is discussed later, is superimposed, but while it is of 
interest it is of negligible proportions. For all practical purposes it oan be 
concluded that the extreme red stimulates only one of the respo nse s. The 
point in the oolour triangle corresponding to this region oan therefore be taken 
as R', the zed fundamental stimulus; its equation in terms of B and 0 has 
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been taken from the author’s colour mature curves obtained in previous 
work and is given by 


R' = 1-036R — 0-036G. 


The other region of the spectrum in which practically no colour change is 
induced is in the neighbourhood of 0-46 (ju For either a red, green or bine 
adaptation the change is very slight; the major effect is an increase or decrease 
in saturation, but little error would be introduced if 0*46 |i itself were taken 
as the second of the fundamental stimuli. Nevertheless, it is shown below 
that a more accurate determination of the point presents no great difficulty and 
its precise location has been found. 

In the green region of the spectrum the colour change is very much more 
marked. Thus alter adaptation with red, a green at 0*03 (i will beoome a 
purer, more saturated green, while after green adaptation it will appear yellow- 
green or yellow. It has been shown above that once the effect on three 
primaries is known for a particular adaptation, the ohange produced on any 
given point in the colour triangle can be computed. It has now to be shown 
that the inverse process, the location of a point that a given colour change, 
for our purposes zero change, is also possible. 

This can be shown most readily by using the data given in Table III. From 
this table we find that 


1000R after adaptation beoome 155R, 
and 

1000G after adaptation beoome (41R + 10BG). 

If we assume that the trichromatic coefficients of the fundamental stimulus 
are given by (*R + yG), then after adaptation (zR 4- yQ) becomes 


lio (l “ B) + iub (4lR + 1 “ G )' 


« (0*165* + 0*041y) R + 0*108yG. 

Ai this is to be the point giving no colour ohange, the ratio of the R and G 
coefficients before and after the adaptation must be the same, ln« w 

* _ 0*166* + 0-041* 
y “ 0*106y ' 

giving * 0 = — 0*82y. 

The green stimulus is therefore represented in the colour by the 

point g (— 0*8SR + 1*0G). The location of the point baa simply involved 
the naa of the normal properties of the odour triangle. 13 m only 
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tion that has been made is the omission of the bine. It has been found that 
for test colours between 0*66 (x and 0*53 (i the changes ore almost entirely 
a function of two variables, the red and the green. A small quantity of positive 
blue is evoked by Borne adapting radiations, but the amount is negligible in 
comparison with the changes induced in the other two primaries. It may be 
due to a superimposed after-image or be associated with other abnormalities 
of the blue found later. 

The sample calculation has been particularly easy, owing to the ohoioe of an 
adapting radiation that caused no oolour change in R. In some experiments 
a spectral green was used for the adaptation and this caused R to beoome too 
saturated to measure. It is then necessary to use, say, 0*53 p and 0-5825 [x 
as test colours and obtain the change in R by subtraction. Similarly, if a red 
adaptation is used, the green test colour will move outside the colour triangle and 
be impossible to match, but the changes in 0 -65 fx and 0-5825 jx can be measured 
and the former subtracted from the latter to give the change in 0-53 (X. 

Table IV.—Green Stimulus Coefficients. 

y(-0-70R + 1-OG) 
y( — 0-80R + 100) 
p(-0-64R + 1-OG) 
y(-0*S5R+ 1-00) 
y(-0-82R+ 1-OG) 

Mean y (— 0 • 70R + 1 -GO) 


Several determinations of the green point were made with a fairly satis¬ 
factory degree of agreement. The results are given in Table IV. Expressed 
in terms of a unit trichromatic equation, the mean value of the Q' stimulus is 
given by 

G' = - 2-SSR + 3-33G. 

A similar method to find B', the blue stimulus, can be adopted, although the 
experimental possibilities are more limited. To obtain the maximum accuracy 
a test oolour should be used as near to B' as possible; 0*46 p is the obvious 
choice. Using that as test oolour and either a red or green adaptation, the 
oolour beoomee more saturated and cannot be matohed. But with a blue 
adaptation the change is towards the oentre of the triangle and the results 
can be measured. The experiments have therefore been limited to that 
condition, with 0*46 p acting as the adapting light. The effects of this 
adaptation on 0-66 p, 0*03 p and 0*46 p were measured and the calc u la t ions 
made on similar linea to those far the green response. 
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The results for one experiment are given in Table V ; the intensity of the blue 
adaptation was about 70 photons. 


Table V. 


Wavs-length and intensity of T.C. 


G. 

B. 

r 18- 

Str 


0-4S ft, 18 photons . 


■ 

35,320 

100 

40 

2500 

0*63 fh S photons . 



Mi 

so 

200 

— 

0*06 p, S photons . 

652 

BH 

■ 

200 

— 

— 


Now suppose B' is given by 

B' = rrR + yQ 4* sB. 

After adaptation this will become 

JL x 200R + ^ (80R + 200G) + (100R + 40G + 2500B) 

-= (0-363X + 0*129y + 0-0028*) R + (0-323y f 0-0011*) G + 0-0709*B. 
For no colour change 

l _ 0-323y -4- 0-0011* 

*' 0-0709z 

giving y =* — 0-0044*. 

Also 

x _ 0*363z + 0-129y + 0-0028* 

* 0-0709* 

giving * = — 0-0075*. 

Hence B' — * (— 0-0076R - 0 0044G + 1-00B). 

Two other similar experiments gave the following results, 

B' = *(- 0-019R - 0-0074G + 1-00B) 
and 

B'a»(- 0-012R — 0-0021G +1-00B), 
with a mean value for the three experiments of 

B'« * (— 0-013R - 0-00460 + 1-00B). 

The unit equation for B' is than 


B' — - 0-013R — 0-0047G + 1-018B. 
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The Agreement between the three experiments is on the whole satisfactory. 
The amounts of red and green involved are so small in comparison with the 
blue that a closer agreement could hardly be expected. 

We e*n now collect the equations for our fundamental stimuli as follows:— 

R' => 1-036R -0-036G, 

G' ■* — 2-33R + 3-330, 

B' = - 0-013R - 0’00470 + 1018B. 

These equations can be combined with the relative luminosities of R, O and B 
and with the luminosity ourve and trichromatic coefficients of the spectrum, for 
the author's eye, to calculate the fundamental response curves by well-known 
colorimetric transformations (Wright, 1929-30). These curves, for an equal- 
energy spectrum, are Bhown in fig. 8. In addition, in fig. 9 the spectral loous 
is shown in the oolour triangle referred to R' f O' and B'. 



Wavelen£th 


1to. 8.—Fundamental response corves for an equal-energy epee tram, e x pressed In 
luminosity units, (a), bine; (ft) green; (c)red. 

A detailed discussion of these curves cannot be included in the present 
paper, but they would appear to provide a satisfactory basis on whioh to 
explain the other phenomena of colour vision, with the possible exception of 
the saturation differences of the spectral colours. The general characteristics 
of the curves are not very different from Konig’s 11 fundamental sensation 
curves.” The main difference is in the green ourve at the shorter wave-lengths, 
where it is seen to go below the zero line at about 0-46 p and become negative. 
The physiological mechanism by whioh such an effect could be produced cannot 
be visualised very readily, but it would apparently necessitate the assumption 
that all three fundamental responses have some quality in common, bo that one 
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response could produoe a subtractive effect on another. This quality must 
probably be in the nature of an inherent “ whiteness,” and it is on an assump¬ 
tion of this sort that saturation differences might be explained. 

On one point of previous dispute it is possible to come to a definite conclusion. 
It is quite certain that blue and not violet is the fundamental stimulus. It 
is only neoeesary to adapt the eye to a red radiation and observe the great 
change that is produced in a test colour at, say, 0-43 p to prove that this 
radiation stimulates at least two responses. 



As. 9.—Loras of spectrum in oolonr triangle referred to fundamental stimuli, B', O', B'. 

W represents white point corresponding to black body radiation of 4800* K. 

Variation of Intensity of Adaptation. 

(a) Moderate Intensity Range .—It is necessary to discuss the effect of varying 
the intensity of adaptation in two parts, under the headings of moderate intensi¬ 
ties and high intensities. The phenomena in the two states differ to a <"*Asil 
extent, although there is, of course, a gradual transition from one state to the 
other. This transition occurs roughly within an intensity' range between 
10,000 and 20,000 photons, and in this section the adaptation phenomena 
OoCurrmg below the 10,000 photon level will be described. 
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In fig. 10 recovery curves are given for the red that were obtained in an 
experiment with a yellow test colour and a white adapting light of variable 
intensity. The intensity was controlled by rotating sectors with apertures 
ranging from 22^° to 180°. 

The first point of interest is that, as with varying timn of adaptation, the 
recovery curves are linear and with one exception, approximately parallel 
to one another. The recovery is somewhat slower with hi gher intensities of 
adaptation, but the change is comparatively small. This characteristic has 
been confirmed in a number of experiments; its significance is discussed 
below. 

It is seen also that as the intensity of adaptation is increased, so the sensi¬ 
tivity decreases. The magnitude of the sensitivity at the end of the adaptation 
can be found by extrapolating the curves to t = 0. The values of r Q can then 
be compared to the adaptation intensity A and their relation determined. 
This has been done in Table VI to obtain the very important result that the 
product Ar 0 is constant within small limits. (In the second adaptation, some 


Table VI. 


Adaptation intensity 

• 1 A) 1 
in photons. 

j r t (arbitrary units) 

r B — 3800 ; intensity "j 
| L of T.C. 350 photons. J 


800 

900 

71 X 10 4 

1530 

420 

50 X 10* 

2140 

350 

75 X 10* 

3200 

250 

80 X 10* 

4270 

180 

77 X 10* 

0340 

140 

75 X 10* 

6400 

110 

70 X 10* 


disturbing factor has affected the observations, both as regards the slope of 
the curve and the value of r 0 .) The experiment has been repeated a number of 
times and the results for three other series of observations are given in Table 
VII. A gain, within quite close limits, the product is found to be oonstant. 
These results have been selected from a number of similar experiments, but 
although the values given here are the most consistent obtained, the others 
have only been inconsistent when the observations have been erratic, as shown 
by the scattering of the points, with occasional discrepancies similar to the 
second observation in Table VI. 

The intensity range that could be covered was limited, at high intensities, 
by the new phenomena that occur, and at low intensities by the need for the 
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Table VII. 


Colour Adaptation Phenomena. 
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teat odour to be appreciably lower than the adaptation intenaity. If a low 
intensity teet colour were need, then after adaptation the apparent intenaity 
would be much lower still and the matches would be very difficult to make with 
any degree of oertainty. 

Se v eral very significant deductions can be made from the constancy of the 
product Ar # . In the first place it is closely analogous to the observations 
associated with the Weber-Fechner law, in which two fields of intensity I are 
compared and one increased by AI until a just noticeable difference is produced. 
It been found over intensity ranges similar to those need in the adaptation 
experiments, that AI/I is very nearly constant. Now if we assume that the 
sensitivity of the eye when adapted to intensity I is the same when the light is 
acting as it would be if the radiation were suddenly removed, then this constancy 
of AI/I exactly corresponds to the constancy of the products given in Tables 
VI and VII. The difference in the two derivations is that in one the stimulus 
required to produce a constant response (the just noticeable difference) is 
measured, while in the other the magnitude of the response from a constant 
stimulus (the fixed test colour) is determined. 

Two deductions can be drawn from this agreement. First, the assumption 
that the sensitivity of the eye, when adapted, is the same when the light is 
entering the eye, as at the instant after it is cut off, evidently holds. This 
means that the sensitivity depends on the physiological condition of the eye 
and not on the physical stimulus producing that condition, a conclusion that 
has considerable logic of its own to support it. 

Beoondly, because AI is small in relation to I, it is taken as a direct measure 
of the sensitivity of the eye; similarly because R, Q and B are small in relation 
to the adapting intensity A, r, g, b can also be taken as direct measurements of 
the sensitivity, that is, of the magnitude of the visual response for a given 
stimulus. This should be noted as a further indication of the significance of 
r, g, b, as compared with log r, log g, log b. 

The implications of these conclusions can be further extended if we combine 
with them the effects described earlier when the intensity of the test colour 
was altered. It was shown that after adaptation with light of intenaity A, 
the apparent intensity of a test colour would be reduced from R to r,. From the 
coefficient law, a test colour of intensity 2R would be reduced to 2r„ SR to Sr, 
and so on. 

In particular a test colour of the seme intenaity, A, as the adaptation would 
be reduced to where 

a, — A x fo/R. 
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But it has been shown above that, for a constant value of R,r 0 x A is a constant 
product, hence 

o 0 tm A X r 0 /R = constant. 

This equation implies that as the eye becomes adapted to any intensity A, 
the apparent brightness a 0 is gradually reduced to a constant level, no matter 
what the initial intensity A may happen to be. At first sight this is a very 
surprising conclusion. Actually it expresses algebraically the well-known fact 
that the eye adapts itself to approximately the same level over a wide range 
of intensities. The commonest illustration of this is the well-known phenomenon 
that a room artificially illuminated appears to be quite as well lighted, once the 
eye has adapted itself to that particular level, as it does in daylight, although 
the amount of light present is very much smaller. 

The range of intensities over which the relation has been tested is com¬ 
paratively small, but it is probable that the relation holds between the limits 
within which AI/I is approximately constant. Beyond these limits thedeviation 
from constancy is an evident indication that the level of response cannot be 
maintained over the whole gamut of intensities. It will, in fact, be shown 
below that in all probability different adaptation mechanisms are brought 
into play at very high and very low intensities. 

The mechanism by which a constant level of response is obtained can be 
easily visualized. Evidently tho magnitude of the response must be determined 
by the rate of decomposition or disintegration of the photo-sensitive substance; 
when this decomposition is occurring at a steady rate the response will maintain 
a steady level. This would occur if the regeneration of the substance proceeded 
at a fixed rate, for under these circumstances when a stimulus acted, the amount 
of photo-sensitive material would either increase or decrease until the rate of 
decomposition was just neutralized by the rate of regeneration. A constant 
rate of regeneration would therefore involve, once the adaptation balance 
point had been reached, a constant rate of decomposition and thus a fixed 
level of response. 

This conclusion is most satisfactorily confirmed by the linear nature of the 
recovery curves. Reasons have already been given for regarding r, g and b 
as direct measures of the response and the linearity of the recovery curves 
therefore implies a constant rate of regeneration of the light sensitive material. 
The fact that, in addition, the curves are approximately parallel for a wide 
range of adaptation intensity, provides a farther elegant experimental con¬ 
firmation of the theoretical deductions given above. 
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It has been shown that the instantaneous response to a stimulus A is nduosd 
by adaptation in the ratio r 0 /R to the fixed level ag. The simple but interesting 
corollary follows at onoe that the initial response is proportional to 

a, X R/r 0 = fl 0 X A/o 0 =■ A, 

the intensity of the physical stimulus. It would follow that if the Feohner 
fraction oould be measured instantaneously, AI, instead of being proportional 
to I, would be oonstant. It would be very difficult to test thiB experimentally, 
but it is supported by phenomena such as “ glimpsing,” a property of the eye 
used by mioroeoopists to detect faint details by glancing instantaneously at 
an object. On prolonged viewing the structure oannot be seen. This must 
not be confused with the opposite effect that ooours at very high intensities, 
when oontxast is destroyed by the glare of the light, although when adapted the 
eye can readily detect differences in intensity that were previously invisible. 
Glare, however, produoes abnormal prooesses in the eye that must be treated 
separately from normal conditions. They are discussed below. 

Dark adaptation must also be treated as an abnormal condition. It is well 
known that the prooess of dark adaptation involves a special mechanism that 
takes a relatively long time, 20 or 30 minutes, to come into normal action, 
compared to the 2 or 3 minutes required for the eye to become light adapted, 
when passing, for instance, from a dark room to a lighted room or from daylight 
to an artificially lighted one. (The latter prooess, although occurring when 
going from a higher to a lower level of illumination, must still be considered 
a light adaptation prooess.) The slowor dark adaptation process mrpluins the 
prolonged reoovery shown in fig. 4. The initial match is made when both left 
and right eyes are dark adapted; the recovery curve is obtained while the left 
eye is still dark adapted but while the right eye is recovering from li ght adapta¬ 
tion. The light adaptation prooess will reoover rapidly, and will be completed 
after 3 or 4 minutes; but the return to the initial sensitivity will necessitate 
a further 30 minutes dark adaptation. As we are mainly conoemed here 
with the prooesses of light adaptation, we have in general only measured the 
rapid recovery of the first 4 minutes. It must again be ompb—however, 
that at the end of this period the remaining depression is very slight compared 
to that immediately following the adaptation. 

This brief discussion does not explain the complete reoovery of the blue. It 
will be Snore appropriately disoussed when the effect of a variation in the 
wave-length of adaptation is examined. 
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(6) High Intensity Range .—In fig. 11 the red And green recovery ourves are 
shown for an experiment using a yellow test colour, intensity 000 photons, 
and a white adaptation varying in intensity from 2600 to 92,000 photons. 
Some of the ourves that were obtained have been omitted, but those shown have 
been selected to illustrate successive stages in the high intensity recovery 
process. 

It is seen that the linearity found with moderate intensities no longer holds; 
in some of the red ourves the recovery ooours very slowly at first but after a 
considerable time, increases rapidly. At higher adaptation intensities, the 
recovery rate is fairly high at first, then bIowb down and almost stops and then 
increases rapidly again. Finally, at the highest intensity the recovery, while 
slow at first, follows a smooth curve throughout. In the green the irregulari¬ 
ties are somewhat less marked, but the fact that the red and green behave 
differently is important as it may give a clue to understanding the mechanism 
that distinguishes the two responses. 

It would appear that some change of state is taking place, such as the re¬ 
formation of some substance or, more probably, the bleaching of an absorbing 
material. The latter possibility is supported by the fact that at these high 
intensities of adaptation, a trichromatic colour match made in the normal 
manner using only one eye, will no longer hold. For instance, if a yellow is 
matched against mixture of red and green, then after the eye has been adapted 
to a high intensity, the yellow will appear much rodder than the mixture of 
the two primaries. 

The recovery back to normal can be measured in a manner similar to that 
for tiie other recovery curves. The monocular match is made in the usual 
way, the eye is then adapted to the high intensity and at the end of tho adapta¬ 
tion, the match is re-set. When the observations have been recorded, another 
match is made and so on until the recovery is complete. Results for an experi¬ 
ment on these lines is shown in fig. 12 ; a monochromatic yellow (intensity 300 
photons) was matched with a mixture of the red and green instrument primaries 
to give 

R - 2200, G = 2200 

before adaptation. After adaptation (white light, 18,000 photons) the green 
was unchanged, but the red had to be increased to obtain a match. The 
gradual return of the red to normal is shown in the diagram. The increase 
in the red is quite appreciable, being nearly double at i = 0. This suggests 
very strongly that the relative absorption of on intervening substance has been 
changed by the high intensity of light; either a transparent substance has 
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become mom absorbent in the rad or a red substance has become more trans¬ 
parent in the yellow and green. Whether this takes plaoe between H and P 
(of fig. 1) or at P itself is uncertain; it certainly cannot take place to the right 
of P, as it would not then produce a breakdown in the colour match. 

Thera is little doubt that this effect is olosely associated with the irregular 
recovery curves of fig. 11. More extensive observations, however, are necessary 
before a satisfactory analysis can be made of the visual reactions at these intensi- 



Fiu. 12.—'Breakdown of oolour match ; recovery of red to initial value of R =» 2900 in 
monocular match between a yellow, wave-length 0*0825 |i. intensity 300 photons, 
and a mixture of red and green, after high intensity adaptation (white light 18,000 
photon s ). 

ties and further deductions must be postponed until such observations are 
available. 

Variation of Want-length of the Adapting Radiation. 

In the initial stagee of the work it was anticipated that it would be possible 
to analyse the changes in the relative depressions of the rad, green and bine 
sensitivities as the wave-length of the adapting radiation was varied, and from 
the analysis deduce the fundamental response curves. Attempts to reach 
that goal in this way were unsuccessful, but a different line of attack has 
already been shown to have yielded the deeired result. The failure of the 
first method was due to the fact that if, for example, one of the fundamental 
stimuli, R', G' or B', could have been used as adapting radiation, then although 
the sensitivity of that response would be de p r esse d most, yet all three responses 
would be depressed to a marked extent. For this reason the effects could not 
be analysed as a function of three variables and the method was eventually 
given up in favour of what proved to be a more direct approach to the problem. 
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It is impossible to describe the results of the innumerable combinations of 
test colour and adapting wave-length that could be investigated, and accordingly 
data are given relating only to a white test colour. These observations illustrate 
all the important features that have been encountered and more detailed 
results would tend to mask their outstanding characteristics. 

In fig. 13 the recovery curves for the red, green and blue primaries are 
illustrated for a white test colour and adaptation radiations ranging from 0* 66 p 
to 0*43 p. In fig. 14 these results, together with the result shown in fig. 3 
for an adaptation with 0*66 p, are plotted in the colour triangle to show the 
actual colour change produced by the adaptation. 

Several significant features in these diagrams must be mentioned. With red 
adaptations the red sensitivity has, of course, been depressed most and with 
green adaptations the depression has been greatest in the green. Blue radia¬ 
tions, however, have not produced any preponderating blue depression and, 
as in other experiments, the blue has recovered most rapidly. It is important 
also to notice that with no adaptation is one response depressed excessively 
with respect to the others. (It should be remembered that if the recovery 
curves were measured in terms of the fundamental stimuli, R', G' t B', instead 
of R, G, B, the specific depressions would be still less evident.) For instance, 
with an adaptation of 0*66 p it might reasonably have been anticipated that 
the green would hardly be depressed at all. The fact that it is very con¬ 
siderably depressed is an indication that there is a general, as well as a specific, 
adaptation mechanism. Further, it is very significant that with red adapta¬ 
tions, the green recovery is rapid compared with that when green adaptations 
are used, and with green adaptations the red recovery is more rapid. This is 
especially significant in view of the fact that when the intensity of adapta¬ 
tion is varied, only a small change in the slope of the recovery curves is 
produced. 

Consider what happens when the light strikes the retina. Once the physical 
radiations have acted on the nerve endings, it is inconceivable that they shonld 
stall maintain their individuality and independence. Hence the stage P, fig. 1, 
at which the responses are subdivided into three separate channels must 
inevitably occur at the same stage at which the radiant energy is converted 
into nervous energy; that is to say, the only action that can ooour between H 
and P is one of absorption due to one or more coloured substances that may be 
interposed in the path of the light. The prooess at P is almost certainly 
responsible for the general adaptation phenomenon, in which some photo¬ 
sensitive substance is regenerated at a constant rate, and it follows that any 
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other process moat be subsequent to thiB general process and will be composed 
of three specific effects occurring along each path, each effect being governed 
by the magnitude of the response along its own path. 

We have seen earlier that usually the recovery iB not completed for a relatively 
long time, as the enhanced sensitivity produced by the initial dark adaptation 
is a different and more prolonged process than that associated with light 
adaptation. Now it has just been shown that any process other than the light 
adaptation process is in all probability a specific effect and this will necessarily 
apply to the dark adaptation process. Further, the adapting radiation can 
only produce a specific effect along those paths in which it arouses a specific 
response and the effect of a radiation such as 0*60 p. will be to produce a 
general depression of sensitivity that affects ail three responses, and a specific 
effect that is confined mainly to the R' response. Henoe the enhancement 
of the Q' response due to the initial dark adaptation will not be destroyed, 
thus permitting the rapid recovery of the green. Henoe the change in slope 
of the curves as the wave-length of adaptation is varied is to be expected, 
while on the other hand variation of the intensity of a white adaptation, which 
produces responses along both the R' and 0' paths, should cause only a small 
change in dope of the recovery curves. 

If the same argument is applied to the blue curves, it would seem that no 
specific enhancement of the blue occurs during prolonged dark adaptation, 
since complete recovery from any period of light adaptation is always attained 
after 2 or 3 minutes. This abnormal behaviour of the blue may also be 
associated with the absence of any specific bine depression with bine adapta¬ 
tions and with the small positive blue observed when red, yellow or green 
test colours are used. 

It must, of course, be realized that this discussion of dark adaptation refers 
only to the fovea and cone vision. While the processes may be in 

extra-foveal vision, no conclusions arrived at in this paper can be legitimately 
extended to the rods. 

The diagrams in fig. 14, while of general interest, are of no special theoretical 
value in themselves. The change in direction of the recovery paths, for 
instance, is simply the result of one response recovering before the others. 
It is interesting to note that only with adaptation radiations in the region of 
0*68 p, is the induced oolour change in the direction of the complementary 
colour. 
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Previous Investigations. 

There have been many researches earned oat on adaptation by other investi¬ 
gators, but while many of them have been of a quantitative nature, a large 
number have merely been descriptive and of no permanent value. A number 
of investigations have been directed towards the development of the tri¬ 
chromatic theory, but although numerical data have been obtained, the 
results have almost universally suffered from two main defects. In the first 
place, the measured quantities have only been indirectly related to the colori¬ 
metric characteristics of vision and no very useful interpretation of the results 
has been possible. In the second place, in measuring the effects of adaptation, 
no account has been taken of the recovery that sets in immediately the adapting 
light is out off. Thus it has been the common practice to give results without 
stating the time from the end of the adaptation at which they were recorded ; 
and no attempt has been made to measure the actual course of the recovery 
process. 

For these reasons it is impossible to make any very valuable comparisons 
between the present work and that of other experimenters. So far as they 
go, the results of Hess (1890), Burch (1897), Edridge-Green (1921), Porter 
(1912), Abney (1913), and Hamilton and Laurens (1923) are in agreement 
with the results given in this paper. Abney’s experiments are perhaps the 
most closely allied to the present work, but they are not exempt from the two 
defects mentioned above. 

Allen (1932) has made a series of experiments in which ho determined the 
sensitivity of the eye before and after adaptation by measuring the critical 
frequency of flicker for various test colours. His experiments certainly 
suffered from the second defect in that no record is given of the time at which 
the observations ware made, nor is the course of recovery determined. His 
conclusions have been criticised by Guild and the author (1932) on the grounds 
that flicker phenomena found for one state of adaptation cannot safely be 
extended to other conditions of adaptation. The chief erroneous conclusion 
is that adaptations with some radiations enhance the sensitivity of the eye to 
other wave-lengths. Sufficient evidence has been brought forward in this 
paper to show that when the eye is adapted to a given intensity A, its sensi¬ 
tivity is less than when it is adapted to a smaller intensity xA, a being less 
than unity. Allen’s results may be due, not only to the uncertain nature of 
the flicker experiment, but also to the uncertain relation between the intensities 
of his adaptation radiation and test colour and the level of light adaptation in 
which the eye was initially maintained, none of which are precisely defined. 
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Lythgoe and T&nsley (1929) also using the critical frequency of flicker 
method, have investigated the sensitivity of the eye under different conditions 
of adaptation, and although their results do not lend themselves to any direct 
comparison with those given in this paper, the two sets of results are not 
contradictory at any point. 

Numerous experiments on the Weber-Feohner law have a bearing on the 
subject of this paper, but they cannot be referred to here in detail. An 
experiment by Schjelderup (1920), however, is of great value in supporting 
the conclusion that the instantaneous response is proportional to I and not to 
log 1. He carried out experiments using a test field of intensity t and a sur¬ 
round field of intensity 1 and found that Weber’s formula was modified to 

A* = at -f- 61, 

a and 6 being constants. When 1 was appreoiably higher than », At became 
independent of t. This is exactly what should occur on the basis of the argu¬ 
ment developed earlier. The high surround intensity produces a state of 
adaptation that is unaffected by the lower intensity of the test field; a change 
in the magnitude of the test stimulus thus produces a change in the response 
without any change in the state of adaptation. The experiment effectively 
eliminates adaptation as a variable, and under these circumstances it is found 
that to produce a given change in the response, a constant increase in the 
stimulus is required and not an increase proportional to t. 

Measurements by Chaffee and Hampson (1924) on the action potential of 
a frog’s retina showed that previous stimulation with monochromatic radiations 
did not produce any specific effect on the action potential developed by other 
radiations, but caused a more or less uniform depression of sensitivity through¬ 
out the spectrum. This is in agreement with the conclusion arrived at above, 
that the major effect is a general depression of sensitivity. 

Hecht (1929) has elaborated an attractive photo-chemical theory of adapta¬ 
tion, but the particular equations postulated do not agree with the experi¬ 
mental data obtained here. The paucity of useful information on whioh to 
base a theory has meant that all suoh attempts must inevitably be very pre- 
cariouB and uncertain. The response ourvee also deduced by Wecht are not 
supported by the colour adaptation experiments. They have been 
criticised on other grounds. 

In addition to the papers already referred to, very valuable surveys of the 
subject and reviews of previous work on this and allied phenomena axe given 
by Parsons (1924), Lythgoe (1926) and Adams (1929). 
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Conofastotu. 

So many theories of visual processes have been built up in the past, the 
majority on very insecure foundations, that further attempts can only be 
justified when new information of a significant character is forthcoming. 
Even then, the reasoning linking physical measurement with its physiological 
counterpart must always be accepted with caution, and measurements on 
colour adaptation cannot be excepted from this rule. For this reason it is 
not proposed to amplify the deductions that have already been made, but 
merely to summarise them briefly. 

It has been shown, then, that there is almost certainly both a general and a 
specific adaptation mechanism, and it has been found that the general process 
operates by the existence of a photo-sensitive substance that is regenerated 
at a constant rate. The results also show that the instantaneous response 
aroused by a stimulus is directly proportional to the magnitude of the latter 
(over a mean range of intensity), but owing to the process of adaptation, the 
response is rapidly reduced to an approximately constant level. The effect 
of varying the wave-length of adaptation is to produce a greater relative 
depression of sensitivity of one or other of the three responses, but the results 
seem to suggest that the incident light reacts with one photo-sensitive sub¬ 
stance to produce three different products, rather than with three distinct 
photo-sensitive substances. The proportions in which each radiation stimulates 
the three responses have been determined, to give the fundamental response 
or excitation curves. Experiments with high intensities of adaptation have 
shown that either the photo-sensitive material is broken down in some abnormal 
manner or that the spectral transmission of an intervening pigment or substance 
is altered by the high intensity. 

These results are not sufficient in themselves to determine the unique Bystem 
that underlies the phenomena, but they do provide a framework that should 
be of material value in eventually forming a satisfactory theory of colour 
vision. It is to be hoped that direct physiological evidence will be forth¬ 
coming to confirm the conclusions arrived at here and to amplify and extend 
them. 

In conclusion the author wishes to express his very sincere thanks to Mr. 
W. J. Morgan, who assisted in the initial stages of the work; to Mr. F. H. G. 
Pitt, who had the rather thankless task of recording the majority of the 
observations and rendered very valuable help in many other ways; to Professor 
L. C. Martin for his interest and suggestions throughout the work; and to the 
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Medical Research Council for their fino.nmn.1 assistance and permission to 
publish these results. 

Summary, 

The effects of light adaptation have been measured by first matching the 
test colour, as viewed by the right eye, against a mixture of throe primaries 
derived from a trichromatic ooLorimeter, as viewed by the left eye. The right 
eye then gases at a third and more intense patch of light until it is adapted 
to the higher intensity level, when the test colour is viewed again. The effect 
of the adaptation is measured by re-matching the primaries against the test 
colour and successive matches give the course of recovery of the initial state of 
adaptation. The left eye thus acts as a standard of reference against which 
the changes produced by various conditions of adaptation have been measured ; 
for different intensities and colour and for varying times of adaptation ; and 
for various wave-lengths and intensities of test colour. The analysis of the 
results showB that there is a main process of adaptation that operates through 
the regeneration of a photo-sensitive substance at a constant rate. The 
instantaneous response aroused by a stimulus is found to be directly propor¬ 
tional to the magnitude of the latter, but owing to the process of adaptation 
the response is rapidly reduced to an approximately constant level. This is 
shown to be the true interpretation of the constancy of the Fechner fraction, 
as opposed to the suggestion that the response is proportional to the logarithm 
of the stimulus. By locating the three hypothetical stimuli in the colour 
triangle corresponding to those sensations that can be modified in intensity 
but not in colour, no matter what the colour of the adaptation may be, it has 
been possible to determine the fundamental response or excitation curves. 
The curves obtained do not differ very greatly from Kdnig’s 11 fundamental 
sensation curves.” Measurements on the effect of varying the wave-length of 
adaptation show that there is a specific effect on each response as well as a 
general depression of sensitivity, and the results indicate the probability 
that the incident light reacts with one photo-sensitive substance to produoe 
three different products, rather than with three distinct photo-sensitive sub¬ 
stances. Experiments with high intensities of adaptation show that with 
retinal illuminations above about 15,000 photons, one or more of the visual 
processes break down and abnormal effects are introduced. 
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[Platsb 3-5.] 

The dual purposes of this study were : ( 1 ) to determine whether prolonged 
injections of the pituitary gonadotropic hormone would reproduce in animals 
any semblance of the malady known as 0 pituitary basophilism ” ; and ( 2 ) 
thereby to throw further light on whether the basophilic elements of the 
pituitary body are actually the source of this hormone, as has long been assumed 
though without wholly conclusive proof. 

Briefly stated, clinical gigantism and acromegaly are associated with adenomas 
composed of acidophilic cells of the pars distalis and these disorders may 
therefore be regarded as states produced by “ pituitary aoidophilism.” Another 
more recently described clinical syndrome (Cushing, 1932) is associated with 
an actively secreting adenoma composed of basophilic elements, this condition 
in oontrast having been conveniently termed “ pituitary basophilism.” 

The conception that these and other adenomas of the ductless glands such 
as those of the parathyroid glandules and pancreatic islets represent actively 
secreting conglomerations of normal oells rather than inert pathological 
lesions has only of late come to be fully realized. The syndromes produced 
by the pituitary adenomas differ from all others because of the widespread 
polyglandular changes which they evoke. The only satisfactory way to 
study the nature and extent of these secondary glandular effects and thus to 
expedite our knowledge of the pituitary disorders is by reproducing them in 
animals. 

After many years’ delay the experimental reproduction of gigantism and 
acromegaly was finally brought about (Evans and Long, 1921; Putnam, 
Benedict, and Teel, 1929; Evans, Meyer, and Simpson, 1933) by Jong-continued 
injection of the growth hormone. The gonadotropic principle, on the other 
hand, has hitherto been employed only for its acute sex-maturing effects. 
Apart from the experimental production of gigantism and acromegaly and the 
recent prolan-plus-growth-hormone experiments by Evans and his 00 -workers 
(1933, b), no reports of long-term injections in animals of other principles of 
the hypophysis have been made. 
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Gonadotropic Hormone *.—We are not directly concerned here with sex- 
maturing substances other than those obtained from extracts of the pituitary 
body. When in 1927 Aaohheim and Zondek announced their discovery in 
the urine of pregnant women of the substance “ prolan/’ it was thought that 
a new and convenient source of the pituitary sex hormone had been found. 
Evidenoe, however, from many sources (e.g. f Engle, 1929, 1933; Evans and 
Simpson, 1929, 1932; Biddle and Polhemus, 1931 ; Wallen-Lawrence and 
Van Dyke, 1931; Leonard, 1933; and Shockaert, 1933) serves to make clear 
that the two substances while aifniUr in their action are not identical. 

Nevertheless, that prolan bean some close relationship to pituitary function 
is unquestioned and Evans and his associates have recently demonstrated that 
when combined with growth extract it is rendered far more active than other¬ 
wise. Injected into rats and dogs (Evans and co-workers, 1933, 6) this mixture 
produces external evidence of oestrus and lactation, and internal evidence of 
activity of the organs of reproduction. So far tw we can see, these interesting 
observations have no bearing on the niatter in hand. 

Methods of extracting the gonadotropic principle from the pituitary body 
have been given by Bugbee, Simond, and Grimes (1931), by Van Dyke and 
Wallen-Lawrence (1933), by Fevold, Hisaw, and Leonard (1931), and in a 
publication which appeared just as our experiments were concluded, Evans, 
Meyer, and Simpson (1933, a, pp. 87 el iteq.) have described what is probably 
the most effective method for its preparation. While no comparative study 
has been made of the precise effects of these different extracts, there can be no 
doubt that a highly active, water-soluble principle, which causes stimulation 
of the gonads of immature and hypophysectomi zed rats, may, by all three 
methods, be obtained from pituitary glands, more abundantly from those of 
sheep. 

1 . Preparation of the Extract . 

The different methods of preparing an extract which were available to us 
were: (a) the alkaline tricresol method of Bugbee and co-workers (1931), 
( 6 ) the pyridine method of Fevold and co-workers (1931), and (c) the alcohol 
precipitation method of Van Dyke and Wallen-Lawrence (1933). For our 
purposes the alcohol method was found, after prolonged trials, to be most 
suitable and guided by the authors 1 description of the procedure, with a few 
modifications to suit our facilities and convenience, the extract was prepared 
as follows. 

One hundred fresh sheep pituitary glands, cleaned of bone and dural frag¬ 
ments, are well ground in a mortar with two or three volumes of powdered 
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quarts, and this mixture is suspended in 1 litre of 0-02/N ammonium hydroxide. 
This suspension is allowed to extraot with frequent mixings for 24 hours at 
room temperature. Enough N/l hydrochloric acid is then added to bring 
the Ph of the mixture to approximately 5*6, and when equilibrium is reached 
the mixture is centrifuged. 

Five volumes* of 95% ethanol are then added to the clear, pinkish, super¬ 
natant fluid, and after stirring, the precipitate is allowed to settle-out during 
tha night so that in the morning most of the supernatant, fluid may readily 
be removed by suction. The remaining sludge is centrifuged, the supernatant 
discarded, and the precipitate taken up in distilled water. A large portion 
of the precipitate remains insoluble, and these irreversible proteins are removed 
by centrifugation. 

The supernatant fluid, containing the active principle, is again precipitated 
with five volumes of 95% ethanol, and from this point the extract is treated as 
if sterile. The centrifugation of the alcoholic precipitate is made in sterile 
cups, and the precipitate is resuspended, this time in 500 c.o. of sterile Ringer’s 
solution. It is again centrifuged, to remove as much as possible of the remain¬ 
ing irreversible proteins, and is finally placed in a sterile bottle, capped with a 
rubber stopper through which a needle can be introduced for removal of small 
quantities. 

The final product thus represents derivatives of one gland for each 5 c.o. 
of extract. Further extraction of discarded precipitates did not yield enough 
activity to warrant pursuit. Cultures were taken on broth of four different 
batches of the extract, and one culture was made for anaerobes; all were 
negative. 

In brief, the extract as prepared above was presumed to contain nothing 
but the gonadotropic hormone of the pars anterior. The growth hormone 
and lactation principles were supposedly removed in the insoluble alcohol 
precipitate, and the posterior lobe hormone was either destroyed by the alkali 
or carried away in the supernatant alooholio solution, f 

* Five volume! of alcohol rather than exactly 70%, aa called for by Van Dyke H uL, 
are used because this has been the concentration used by Smith and Smith (1933) in their 
extractions of the blood and urine of eolamptk*. Since we were already familiar with other 
phenomena of this type of extraot, it was thought best to make oomparable preparations. 
Abo, extracts of urine of pregnancy nude by the sazno method were compand with the 
hypophysial extraot. 

t there waa a possibility that minute quantities of posterior lobe extraot might have 
been oairied down into the precipitate. However, 66 c.c. of the extract injected latsa* 
vwMSasly In a dog produced no alteration of poise, blood-pres su re, or Respiration. Ninety 
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II. The Effect of the Extract upon Rate. 

(a) The Hundred-hour Test on Immature Rais .—When tested on immature 
female rata by the Zondek-Aschheim method, a cubic centimetre of the prepara¬ 
tion waa found to contain from one to two rat units, depending upon the batch 
tested. The reaction produced was luteinisation of the ovaries with no 
appreciable effect upon the uterus, which remained pale and small The vaginal 
membrane did not rupture. 

(b) The Hwidred-hour Test on Hypvphysectomized Rats .—Young, female 
rats which had been hypophysectomized before attaining sexual maturity 
and which had been observed for several weeks were first subjected to laparo¬ 
tomy for examination of the ovaries and uterus. From two animals whose 
ovaries showed no corpora lutea, one ovary of each was excised for histological 
study. After recovery from the operation each of the animals was injected 
with four rat units of the extract divided into six doses. One hundred hours 
later the animals were killed and when examined each of the remaining 
ovaries showed several small corpora lutea, with definite interstitial activity. 

(c) Long-term Injections into Rats .—Immature female rats fed on an effective 
growth-stimulating diet* were given daily injections for 65 days with 2 c.o. 
of the extract. This dose, depending upon the potency of the particular 
batch, represented two to four rat units per day. The animals were weighed 
frequently, and at intervals vaginal smears were made for several days in 
succession. 

The first abnormal effect to be noted was the development of pronounced 
raggedness of the animals' fur which became coarse and brittle. If an area 
were shaved, the regrowth of hair was slow and sparse. Although the injected 
animals became quite fat, in two to three weeks it was noted that the gain in 
weight to be expected of rats on the special diet did not take place. In spite 
of their good appetite and normal health, the injected rats fell behind their 
uninjected littermate sisters in weight and even more in stature. 

minutes after the injection the blood sugar was 168 mg. %. The dog had been fasting for 
at least 18 hours. Dr. Oliver Kamm, of Parke, Davis and Company, kindly tested the 
extract for us and found it free from both press o r and oxytocic fractions. He happened 
at the same time to test the preparation on the pigeon and found that in addition to its 
sex-maturing response it gave the reaction of prolactin. This effect would not have 
been observed on our immature puppies. 

* This diet was devised by Osborne end Mendel (1026). The growth produced by this 
and other diets when fed to normal and hypophyseotomised rats has been reported In 
detail (Thompson and Gaiscr, 1082). 
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The rupture of the membrane of the introitus was much delayed in the 
injected rats. When opened, both introitos and vagina appeared atrophic. 
Vaginal smears of all of the injected animals showed a few epithelial cells and 
many leucocytes bat never a smear typical of OBStrns. In some instances male 
rats were allowed to remain for weeks in the cages with the injected females, 
bat no pregnancy resulted. A definite temperamental change in the animals 
shown by irritability with their fellows was also observed. 

The most marked pathological variations from normal were noted in the 
exoemive amount of body fist, atrophy of the thymus and hyperplasia of the 
ovaries. No appreciable change, either gross or microeoopio, was observed in 
the adrenal, parathyroid, or thyroid glands. The ovaries were markedly 
overdeveloped and numerous corpora lutea were present. The utenu remained 
■mall and atrophic. 

III. The Effect of the Extract on an Immature Dog. 

The experimental animal and its littermate sister were pedigreed, white fox- 
terrier females 8 weeks old. Both were well formed, active and healthy, and 
almost identical in their appearance. The animals lived separately in meta¬ 
bolism cages, but were taken out of doors for exercise two or three times daily. 
Once a day they were generously fed an identical diet which was modified from 
time to time as they grew older. Once every week cod liver oil was added to 
their food. During the 90-day period of observation neither dog suffered from 
any illness. 

How well a puppy would tolerate subcutaneous injections of the extract was 
unknown at the beginning of the experiment, nor had it yet been determined 
whether the extract had been rendered wholy free from posterior lobe hormone, 
the necrosing effects of which might conceivably be troublesome. For these 
reasons the initial dose was small. Starting with 1 c.o. it was increased to 
60 o.c. in the course of the first week as toleranoe to the subcutaneous injection 
was demonstrated. 

Pathological Findings .—No new features having developed both 
were killed on September 8, the 93rd day of the experiment, by the intravenous 
injection of 80 o.c. of air. The examinations of the bodies were oarried on 
simultaneously by two observers. The contrast between the normally lean 
control and the adipose experimental animal was even more apparent after 
death. The vulva of the injected animal was surrounded by dusters of 1st, 
suggesting the appearance of a scrotum, but there were no external evidences 
of sexual maturity. 
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Protocol. 


Data. 

Control animal. 

Juns 5 . 

Weight: 3210grams. 

Urine: negative. 

Jane 7 . 

— 

June 13 . 

Weight: 3600 grams. 

Fasting blood augar: 113 mg. %. 

June 14 

— 

June 28 . 

Photographs taken. 

July 1 . 

— 

July 10 . 

Weight i 4800 grams. 

July 12 . 

Total of 10-day urine outjput: 2375 
o.c. K,lamination negative. 

July 14 . 

Photographs taken. 

July 16 . 

Weight: 5000 grams. 

July 18 .. .. 

R.B.C. : 0,050,000. 

Hb: 00%. 

Blood serum calcium: 10*4 mg. % 
(fasting). 

Plasma phosphatase : 0*32 units. 

Basal metabolism readings made. 

July 26 . 

Serum oaloium: 11*5 mg. % (fast- 

August 1 . 

Weight: 5460 grains. 

Length; 69*8cm. 

Area on the right flank shaved. 

Augusts . 

Sugar tolerance teat (5 gm. sucrose 
per kg.): 

Fasting . 102 mg. %. 

1 hour . 138 „ 

8 „ . 11# „ 

3 „ . 110 .. 

August 11 . 

Photographs taken. Shaven area 
covered by new hair, fig. 3, Plate 3. 

August 16 . 

Photograph to show retarded denti¬ 
tion of oontrol, figs. 4, 5, Plate 4. 

August 17 

Seram oaloium: 13*6 mg. % (fast¬ 
ing). 

Serum phosphorus : 7*5 mg. % (fast¬ 
ing). (8eram badly bemoliied.) 


Injected animal. 


Weight, 3370 grains. 

Urine: negative. 

Daily subcutaneous injections of ex¬ 
tract begun. 

Weight: 3630grams. 

Fasting blood sugar: 114 mg. %. 

50 o.c. extract, daily to August 1. 

No difference in animals noted. 
Beginning adiposity first observed. 
Weight t 5250 grams. Obesity and 
retardation of growth noticeable. 
Total of 10-day output; 3600 o.o. 

■Examination negative. 

Marked difference in animals apparent* 
figs. 1, 2, Plato 3. 

Wright: 6080 grama. 

R.B.C.: 4,700,000. 

Hb: 70%. 

Blood aenun calcium : 12*4 mg. %. 

Plasma phosphatase : 0*36 units. 
Sugar tolermnoe test (5 mg. suorose 
per kg.); 

Fasting . 103 mg. %. 

1 hour . 124 „ 

1m . 130 m 

2 .144 ,, 

3 »> 140 ,, 

Metabolism 70% below that of con¬ 
trol. Five readings were taken, 4 
were consistent. 

Serum calcium: 12*3 mg. % (last¬ 
ing). Noticeable retardation In 
dentition. X-rays of long bones 
show no appreciable structural 
change. 

Weight: 5860grams. 

Length: 61*1 cm. 

Same, for study of growth of hair. 
Daily dose of extract increased to 
75 o.o. until August 20. 

Sugar tolermnoe test (5 gm. sucrose 
per kg.); 

Fasting . 98 mg. %. 

1 hour * . 144 „ 

2 „ . 135 „ 

3 I, . .. . 120 „ 

Shaved area remains hairless and 

dusky in colour. Animal playful and 
affectionate with keepers, but cross 
with and jealous ofheroontrol. Pro¬ 
tuberance of abdomen obviously 
Increasing. 

A loose eyetooth extracted for histo¬ 
logical study showed nothing 
definite. 

Seram calcium: 14*3 mg. % (fast¬ 
ing). 

Seram phosphorus : 6*2 mg. % (felt¬ 
ing). (Slightly bemoliied.) 
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Protocol—(oontwued). 


Du*. 


Otmtrol «oima]. 


IojMtedittUuL 


August 18 
August 18 

Augurt 20 
AnfwUl 
A*ftgoslta 


August 24 
August SO 

ingoit SO 


August 80 


Weight: 5800 grama. 
Urine: ivgatifB. 
Uwtihoftm ditenrinitloM, 


Length: 00*7 om. (Up of note to tip 

R?B.O. /*0.000,000. 

Hbi 00%. 

W.B.C.: 14,000. 

Differential i 
Potjmarfm 78 

Lymphocytes 28 

Sosinophfis 0 

Basophils O' 

No iboonul oefls 

Total urinary output in 10 days 1 1700 
0.0 : negative. 

Serum calcium. 11 *9% mg. % (feat- 
mg). 

Benin phosphorus . 0*0 mg. % (flut¬ 
ing). 

Soger tolerance teat (0 gnu of Buoroeej 
per kg.): 

Fasting 1S8 mg. %. 

1 hour 154 ,, 

8 „ 1S8 „ 

8 „ 118 

No gljcoeurie to 800 gm. of eucroee. 


Welghtt 0300 grain*. 

Unne: negative. 

Reading* average 50% below litter- 


Four 

consistent. 

Dally doe* of extract 
100 o.e. 

Lengths 00*8cm. 

RB.0. r 4,480,000. 

Hb: 70% 

W B.C. t 16,000. 

D if fe rent ial t 
Polymorphs 
Lymphocytes 
Monocytes 
Eosinophils 
Basophils 
No abnormal cells. 

Same: 1040 c.c* 1 negative 

Scrum oalolnm: 1S-1 mg. % (fast- 
mg). 

Serum phosphorus : 0*8 mg. % (last¬ 
ing). 

Sugar tolerance test (5 gm. ofsnoroee 
per kg): 

. .. ra .. 

3 *, 185 1 , 

Glycosuria marked to S00 gm- of 


August 31 

September f 

September 0 

September 7 
September 8 


Photographs. Staved area obliter¬ 
ated oy new hair, fig. 6, Plate 4. 


No gfyoocuria to 800 gm. of sucrose, 
Artodal blood pressure (femoral 
puncture) 178/170 

AeoMmin-Zondek urtn* test: nega¬ 
tive. (Rabbits and rats 1 two ob¬ 
server*) 

Urinary output hi pest 10 days: 1700 

CJO. 

Weight* 5800grams. 

Arterial pressure (femoral oamrala) 

lao/uof 


Shaved area few ooarse hairs. Genual 
accentuation of former condition. 
Folds of fat encircle body (<f. 

8, 7, 8, Pistes 4, 5). * 


SUgbt^mrarte to 800 gm* ofraeraee. 


pr se cu re 
puncture) 170/16* 
tecta also negative. 


Same: 1030 ox. 

Weight; 8400grams. 

Arterial pressure (femoral cannula) 
140/110i 


The most itnking difference on section was the quite unexpected pallor of 
the tisanee of the injected animal. While this wm more marked in the muedee 
it involved practically all struotum except the enlarged and prominent liver. 
Ike change was even apparent in some of the ductless glands which wen 
oafrefully removed, dissected dean of oooneotive tissue and immediately 
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Proc. Hog. Sor.. B , ml. 115. Plate 3. 




Fig. I. 


Flu. 2. 



Fig. 3. 

Flos. 1 and 2.—Comparative condition of animal* oil July 14 after 37 day* ; 
tout animal on right. 

Fig. 3.—Comparative appearance of hIihmhI urea* 10 days later. 


( Fanny ft. I»4 ) 







Fio. 0. 


Kigs. 4 and — The ronipuratixr Nlutc of dentition of control mat injected uniinalH oil 

August Ifitli, after 72 dnys. 


Kia. 0.—Comparative appearance of slimed hithh in tin* two uniimls .‘10 duvs later. 
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/Voo. Roy. &oc.< H . voh 115 , Plate 5 . 




Kin. 9. 

Flu a. 7 and H, Compa rutile condition nf anitnal* on Aupust lilst, lifter 85 days of euntimioiiH 

injection of the tost subject to right-. 

Fin. 0.—The uteri und mnriuH of the two nnimnls (eontrol below). 
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weighed, Table I. Apart from thia odour change there was no observable 
gross difference in the sise or appearance of the endocrine organs. The uterus 
and ovarie s # howevw, wen atrophic, pale and small, the entire reproductive 
system being less well developed than the still immature sex organa of the 
control, fig. 9, Hate 6. 

The abdomen and pelvis of the injected animal contained great mnssee of 
fat, and the mesentery was exceptionally fatty. The heart was <ma}Ur than 
that of the control; the liver was one-third larger and the stomach slightly 
larger. The spleen, on the other hand, was only half the normal sise and the 
kidneys were somewhat smaller, the cortex measuring 1 mm t thinne r than the 
control. 

The bones gave evidence of lack of development. Nodes at the costo¬ 
chondral junctions showed on cross-section a U-shaped line of ossification, as 
contrasted to the straight line of the normal. The femur of the injected dog 
was 9-3 cm. long compared with the normal, 12-2 cm. The tibia of the injected 
dog was 9*7 era., the normal, 12-9 cm. The vertebra were much smaller in 
the injected dog. X-ray studies showed no discernible ohangos of a patho¬ 
logical nature either in the long bones or skull of the injected animal. 


Table I.—Weights of Organs. 


Thyroid gland . 

Thymus gUnd . 
Heart 
liver 


Futons* . 

apemi . 

Uterus and ovaries 

Kidneys. 

Adrenals . 


Normal. 

gm. 

Control. 

gm. 

101 

1-00 

3-S7 

3-ee 

00-0 

000 

370 0 

400-0 

80-0 

00-0 

17-1 

17-0 

11-0 

0-03 

S-li 

0-03 

7S-8 

09*8 

0-T* 

0*78 


Histological Examination .—The histological deviations from the normal in 
the tissues of the injected animal are chiefly seen in the thyroid, uterus, ovaries, 
muscle, and Kver. There are no changes anywhere apparent in the peripheral 
arterioles. The spleen, pancreas , and pituitary glands of the two ahm**!* are 
indistinguishable. The convoluted tubules of the kidney of the injected 
animal show a considerable amount of fat in the cells, which is not apparent 
in the control. 

The thyroid of the test animal shows large acini distended with inspissated, 
heavily staining colloid and lined by exceedingly low epithelium. This is in 
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marked contrast to the normally active appearing gland of the control in 
which the acini are * 1 ** 11 , the amount of colloid scanty, and the epithelium of 
high cuboida! type. The paratkj/roid glandules of the test a nim al show no 
recognizable evidence of activation. They contain a greater number of cells 
of large type, but mitotic figures were detected only in the glandules of the 
control. The slightly larger adrenals show the oells in the zona fasciculata to 
be larger than those of the control owing to increase of lipoid. 

The uterus compared to the controls shows an infantile type of endometrium. 
The ovaries are distinctly less advanced in their activity than those of the 
control in which animal there are many maturing follicles with abundant 
granulosa and multiple ova. 

In the enlarged liver of the test animal the histological change is most 
striking. There is no deposition of fat as was expected, but the cells are highly 
distended with glycogen. Professor Wolbaoh states that he has encountered 
a similar change only in von Gierke’s disease. 

A remarkable change was also apparent in the test animal's striated muscle , 
both cardiac and peripheral. Whereas in the muscle of the control animal 
the fltriationa are sharply shown, in the test animal they are scarcely distin¬ 
guishable. Unfortunately no pieces of muscle were fixed in alcohol so that 
staining for glycogen was precluded. 

* 

Summary of Laboratory, CUnioal, and Pathological Notes. 

From her littermate sister, who during the 93 days of observation grew into 
a lanky, active animal, the injeoted puppy differed in the following ways:— 

(1) She had become exceedingly adipose, alow in movement and petulant 
iB disposition. She nevertheless appeared to be in good health. 

(2) There was a retardation of skeletal growth, delay in the normal dentition, 
and extremely slow growth of hair. The serum calcium values were invariably 
higher than in the control. Calcium elimination, however, was not determined 
and the banes showed no roentgenological or pathological evidence of de¬ 
calcifies ti on. The parathyroid glandules showed no demonstrable hyper¬ 
plasia. 

(3) Compared with the control, she had a markedly subnormal meta¬ 
bolic rate and the thyroid proves to be definitely colloidal in type with low 
epithelium. 

(4) The carbohydrate tolerance was diminished though there was no 
spontaneous glycosuria. The liver (and possibly the muscle) was heavily 
loaded with glycogen. 
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(fi) No nephro-vascular disturbances were clinically or pathologically 
evident. There were no hypertensive effects, rather the reverse, the blood- 
p re ss ure having been lower than in the control. The blood showed a moderate 
angmis. and the spleen was small. A striking pallor of most of the tissues was 
apparent after death. 

(6) Instead of the expected sexual ripening, the normal maturation was 
retarded compared with the control, the uterus and ovaries of the injected 
puppy being the more infantile of the two at the conclusion of the experiment. 


Discussion . 

Both in experimental gigantism of rats, as firet produced by Evans and 
Long (1921) and in the experimental canine acromegaly produced by Putnam, 
Benedict, and Teel (1929), the growth extract employed was contaminated by 
some of the gonadotropic principle whose separable effects were not yet fully 
appreciated. The experimental syndrome was consequently a mixed one in 
which unaccountable secondary changes in the reproductive organs occurred. 
Evans and his co-workers (1983, a) using a more purified extract have sinoe 
produced overgrowth in dogs without disturbing the organs of reproduction, 
though the other secondary polygrandular effects such as those on the thyroid 
and adrenal glands together with an hypophymo-pancreatic-islet imbalance 
all occurred. 

Thus canine acromegaly has been experimentally produced without co¬ 
incidental disturbance of the apparatus of sex. In this disorder as it occurs in 
man the gonadal functions are not impaired by the excess of growth hormone 
but only when the adenoma producing it reaches a sufficient size to inhibit by 
pressure the elaboration of the gonadotropic hormone. When secondary 
gonadal effects do occur, therefore, they are always those of inactivation as 
expressed by amenorrhcea and impotence. This at least is our interpretation 
of the malady. 

While the growth hormone has thus come definitely to be associated with the 
acidophilic elements, there has been doubt expressed regarding the cellular 
source of the anterior hypophysial gonadotropic substance. It has been 
thought to be a product of the basophilic elements, but this has never been 
satisfactorily proved. It has seemed reasonable to assume that if some of the 
more striking clinical features of pituitary basophilism could be produced in 
animal* by the long-term injection of a gonadotropic extract of the pituitary 
body it would tend to establish this relationship. 



08 K. W. Thompson and H. Cashing. 

Pituitary basophilism occurs more frequently in women than men, and more 
often in young persons, particularly at or about the time of adolescence. How 
early it may occur is unknown for there have been no cases in which the disorder 
has been pathologically verified in early childhood. Its syndrome will doubtless 
be found to differ at different ages, but its general features in young persons 
are a rapidly acquired adiposity; a retardation of growth; a peculiar dusky 
plethora of the skin ; falling of the hair of the scalp while the secondary hirsu¬ 
tism of sex becomes exaggerated ; a partial decaloification of the skeleton with 
increased calcium elimination ; a tendency toward hyperglycemia; inactivity 
of the thyroid shown by a low basal metabolic rate; amenorrhooa with atrophy 
of the uterus; and finally, hypertension with terminal atherosclerosis. 

Like acromegaly, pituitary basophilism therefore is a polyglandular disorder 
in which the activity of parathyroids and adrenals appears to be increased and 
of thyroid and pancreatic isleto diminished. The sex glands (supposedly stimu¬ 
lated at the outset) ultimately become inactivated so that in the female the 
ovulatory cycle is not completed and the uterus atrophies. 

In this experiment with two littermate, pedigree fox terriers, a condition 
highly suggestive of the clinical disorder was produoed. The injected animal 
became adipose and plethoric ; the body growth was definitely checked; the 
growth of teeth and hair was retarded ; the basal metabolic rate was markedly 
subnormal; the serum calcium was high and the sugar tolerance low. 

Wholly missing from the syndrome, on the other hand, were the expected 
early maturation,* the erythremia, and the evidences of hypertension. On the 
contrary, the ovaries and uterus remained small and failed to show in com¬ 
parison with the control even their normal development. The blood changes, if 
anything, were on the side of a destructive process rather than the reverse, with 
a smaller spleen, a lower blood count and haemoglobin than the control, 
together with a lower blood pressure. At autopsy a peculiar pallor of the 
muscles as well as of other tissues such as the thyroid was striking. 

The massive glycogen storage in the liver and its possible relation to 
von Qierke’s disease, in which a similar condition occurs, would appear 
particularly significant. In this disorder the pituitary body does not appear to 
have been examined nor has an hypophysio-panoreatic-islet imbalance been 
suggested as its cause. The normal glycogenic content of the hepatic oells 

* The absence of any ovarian activation, comparable to the Asohheim-Zondek reaction, 
need perhaps not be sorpriaing. In the tingle recorded example (Bishop and Close, 1932) 
of verified pituitary basophilism that had started in pre-adolesoeooe at the age of 11, 
the uterus and ovaries at the time of the patient’s death when 22 years of age were 
Infentlle In type. 



Experimental Pituitary Basophilism . 90 

is greatly diminished both in hyperinsulinism and in hypopituit&ry states. 
Conversely, it is increased both in islet insufficiency and in hyperpituitarism 
whether of acidophilic or basophilic types. 

Diabetes mellitus, in other words, may be produced either by islet insufficiency 
or by pituitary overactivity, some even believing in the existence of a separable 
diabetogenic hormone in the hypophysis. The carbohydate-metabolizing 
balance between pancreas and hypophysis is such that, as Houssay (1931) 
has shown, after an hypophysectomy the pancreas may be removed without 
ensuing diabetes. A small amount of insulin given to an animal under these 
experimental circumstances quickly leads to fatal hypoglycemia unless the 
effect is counteracted by the simultaneous injection of a sufficient amount of 
pituitary extract. 

Condusionn .—Whether this inaugural experiment had better have been made 
on an animal more nearly adolescent, whether it should have been far more 
prolonged in order to show the full effects of the extract, or whether a more 
potent or more highly purified preparation Bliould have been employed are 
questions only to be answered by further study. 

As the experiment stands, with all its limitations, it strongly suggests the 
experimental reproduction of oertain features of the clinical syndrome of 
pituitary basophilism. And as this disorder is known to be associated with, and 
probably to be caused by, an unmixed adenoma of purely basophilic elements 
it may safely be concluded that the gonadotropic extract employed in the 
experiment (shown by the Aschheim-Zondek test to be active) was a product of 
the basophilic cells of the sheep’s glands from which the preparation was made. 

It required forty years and more to reproduce in animals Marie’s acromegaly 
so that it could be properly analysed and studied. It will certainly not take so 
long before pituitary basophilism is reproduced, and this study, it is hoped, 
will prove to be a preliminary step in that direction. 
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[Flats 9.] 

Introduction. 

The object of the experiments described in this paper was to investigate 
the factors which determine the differences shown by cells in regard to their 
sensitivity to the lethal action of X-rayH when different types of cells are 
compared. This sensitivity is found to vary over an enormous range. For 
example, Crowther (1926) showed that a doee of 80,000 r administered in 20 
minutes was required to kill the protosoon Colpidium colpoda while, on the 
other hand, the author (1933) found that under special circumstances a dose 
of 2-3 r administered over a period of 2 hoars could kill the cells of the allantois 
of the embryo chick. 

The information concerning the sensitivity of cells to short wave radiations 
has been summarised in the so-called Law of Bergonie and Tribondeau (1906) 
which states that the sensitivity of a cell is proportional to its reproductive 
capacity and inversely proportional to its morphological and functional differ¬ 
entiation. Mottram (1913) amplified the information summarised in this hv 
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by conclusions derived from experiments on growing root tipe of Fiota Faba 
and on developing Asoaris ova. He concluded that cells were most sensitive 
to irradiation during the actual process of nuclear division. 

In the investigation described in this paper the biological effect of X-rays was 
estimated quantitatively by measuring the percentage of eggs of CaUiphora 
erythrooepkala (the common bluebottle) which were prevented from hatching 
by any given dose of X-rays. In general the method ib similar to that of 
Packard (1926-1031) who used the eggs of Drosophila mdanogaster for a similar 
purpose. In my experiments I attempted to correlate the changes in sensitivity 
to irradation which were found to occur in the developing oalliphorine egg with 
the changes in the morphological structure of the egg. 


Experimental Methods. 

The object of these experiments was to obtain curves relating the amount 
of exposure to X-rays with the action produced on batches of eggs under a 
variety of experimental conditions. Accurate measurements can only be 
obtained if the eggs are as uniform and as healthy as possible and the pre¬ 
cautions necessary to obtain this result are detailed below. 

(a) Method used for Breeding CaUiphora erythrocephala.—A constant stock 
of adult flies was kept in order to provide eggs. All the flies were the offspring 
of a single wild fly and about 20 generations of flies were used in these experi¬ 
ments. The flies were kept in two disused fume cupboards at a temperature of 
about 15° C. They were fed on loaf sugar and were provided with water. 
Eggs were obtained by exposing fresh uncooked liver to the flies which laid 
exclusively on this medium. When a new stock was required the liver and 
the eggs that it bore were incubated at 23° C. In about 17 hours larva hatched 
and began to feed on the liver. The larva and the liver on which they were 
feeding were placed in a biscuit tin, the bottom of which was covered with 2 to 
3 inches of dry silver sand. The larva were incubated at 23° C. in the tin, 
and after becoming sluggish they migrated into the sand on the fifth day from 
hatching. Here they pupated, and hatching occurred after a further period 
of 12 to 13 days of incubation at 23° C. Immediately before the hatch the 
biscuit tin was transferred to an empty fume cupboard. Fresh liver was 
provided as food for the newly hatched flies, but as soon as they began to lay 
eggs, which they did after 2 or 3 days, the liver was removed and loaf sugar 
was substituted. Each batch of stock flies numbered about 1000. The adult 
flies lived for several months at 15° C., but after the first month a large pro- 
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portion of the eggs whioh they laid were infertile. • For this reason the stocks 
of flies wore renewed every month. 

(6) Method used for Collecting and Manipulating the Eggs .—Eggs were 
obtained for experimental purposes by exposing a piece of fresh liver to the 
flies. About a thousand eggs per hour were laid and this rate was maintained 
for about 4 hours, provided that the flies were allowed to lay only on alternate 
days. Each piece of liver was exposed for half an hour. The eggs that were 
laid during the first hour were discarded because at the beginning of a laying 
period, eggs which were in an advanced state of development, and even lams, 
were often deposited. Apart from these exceptions, caused by the retention 
of fertilized eggs in the oviduct, a half-hour batch of eggs was of almost uniform 
development because the calliphorine egg is fertilized immediately before 
laying. 

For experimental purposes eggs were removed from the liver by means of 
a platinum loop and were separated from each other in order to allow counting. 
They were plated on to a piece of moist blotting paper 4 cm. by 1 cm. whioh 
was stuck on to an ordinary microscope slide. The slide was contained in 
a Petri dish in which the air was saturated with water vapour. From a half- 
hour laying about eight slides, each with about 60 eggs, were prepared and 
the eggs were counted. Four slides were irradiated and four were used as 
controls. After irradiation the experimental eggs and the unirradiated 
controls were incubated at a known thermostatically controlled temperature. 
When the hatch of the control eggs was complete the unhatched eggs were 
counted on the control and on the experimental slides. 

(e) The source of X-rays was a Miiller, water-cooled, hot cathode tube with 
a tungsten antioathode. In all experiments the kilovolt&ge, milliamperage, 
and distance from anticathode to target were constant. These were 79 k.v., 
0 m.A., and 47*1 cm. A screen of aluminium 0*01 cm. thick was used in all 
experiments. The output of the tube was measured regularly by means of 
a gold leaf electroscope of the usual pattern and was kept constant by small 
alterations of milliamperage. The dose of X-rays delivered at 47*1 cm. was 
approximately 40 r. per minute. 

During irradiation the microscope slides on which the eggs had been plated 
were contained in a box which was kept at a constant temperature, fig. 1. 
The box was made of lead and the atmosphere inside it was saturated with 
water vapour by m e ans of wet filter paper attached to the walls. The slides 
were contained in a lead rack whioh accommodated three slides for irradiation 
and three control slides. 
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(d) Measurement of the Effect of Irradiation. —The percentage of eggs which 
were prevented from hatching by the irradiation was the measure of the action 
of the irradiation. Extensive control experiments were therefore necessary 
in order to find the percentage of eggs which hatched normally. The control 
eggs were approximately equal in number to the irradiated eggs and, except 
for irradiation, were treated in exactly the same manner. Over 20,000 control 
eggs were used and 92% hatched. The percentage hatch was very uniform and 
experiments were discarded in which the percentage hatch of the control eggs 
was less than 90. Histological examination of unh&tched control eggs never 
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Via. 1.—Arrangement of apparatus. A, anticathode; B, lead screen ; C, aluminium 
screen 0-01 cm. thick ; D, lead rack for holding alidea ; E, irradiated egg* ; F. control 
eggs ; G, water hath. 

revealed any embryological development nor even the presence of a nucleus 
and it was therefore concluded that the unhatched control eggs, or at least the 
majority of them, had escaped fertilization. In expressing the percentage of 
eggs which had been prevented from hatching by irradiation a correction for 
unfertilized eggs was necessary and this was made on the basis of the corre¬ 
sponding control experiment. 

Influence of Temperature on Rate of Development . 

Eggs were incubated at different temperatures and the times elapsing 
between deposition and hatching of the eggs were measured. The following 
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results were obtained: at 8° C., 120 hours; at 13° C., 82 hours; at 17° 0., 
34 hours; at 23° C., 17 hours. 

These results, which are plotted in fig. 2, show an almost exact linear relation¬ 
ship between the temperature and the logarithm of the time. The Q u calcu¬ 
lated from the graph is 3*64 and this appears to be constant within the limits 
of experimental error over the range of temperatures investigated. This 
temperature coefficient is similar to that found by other observers for the 
development of insecte (Uvarov, 1931). 



Pm. 2.—Relation between the inolibation period and temperature (Q 1( = 3*64). 

1 The high figure for the Q 10 made it essential to control the temperature 
rigidly in order to investigate the relationship between the stage of develop¬ 
ment of the egg and its sensitivity to X-rays. The uniformity of the Q u 
between 8° C. and 23° C. made it possible to express the duration of inoubation 
of an egg at a given temperature within the range considered in terms of the 
duration of incubation at some other temperature, which would result in a 
similar stage of development. This conclusion was confirmed later by 
of the histological examination of the eggs. This method was sometimes used 
for oonvenienoe to avoid prolonged incubation at low temperatures which would 
often have involved work throughout the night. In this paper all the dura¬ 
tions of inoubation are expressed in terms of inoubation at 14° C. 
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Effect of X-irradiation upon Eggs at Various Stages of Development. 

The effects produced by irradiation of eggs at various ages are shown in 
Table I and in figa. 5-5 and ore summarized in fig. 6. 

Fig. 6 shows that the changes in sensitivity are complex. There is a very 
great decrease in sensitivity between 4 and 7 hours inoubation which is pre¬ 
ceded and followed by a moderate increase in sensitivity. After about 16 
hours the sensitivity decreases steadily. 


Table I. 


Dow. 


Eggs incubated for 0*3-1 hoar at 14° C. 
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In 

No. of 

No. of 
fertile eggs 
calculated 

Average 
of the 
percentage 

X*. 

p , 

units. 

minutes. 

experiments. 
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experiments. 

hatch In 
individual 
experiments. 


80 

OS 

1 

27 

08*4 



40 
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83-0 

109 

<001 

60 
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2 

117 

81-4 

0-2 

O-7-O-0 

SO 

80 

8 
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07*6 

10*4 

0*06-0*02 

100 

2*5 

6 

434 

01-7 


<0 01 

180 

30 

4 

236 

40*2 

31*6 

<0 01 

160 1 

40 

3 

174 

18-3 

4-2 

0 *2-01 



3 

189 

16*7 

7*9 

0 -02-0*01 


6-0 


231 

9*1 

1*9 

0*6-03 

880 



56 

1*8 

— 

—. 

980 

8*0 

■■ 

74 

0 




Dose. 


Eggs incubated for 1-3 hoars at 14° C. 


la r 

In 

No. of 

No. of 
fertile eggs 
calculated 

Average 
of the 
percentage 

I. 

*v 
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minutes. 

! 
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from 
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experiments. 
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1 0-0 

1 

40 

100 
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8 

472 

81*9 

0*11 

0-9 

80 

1*6 

2 

84 

68*7 

1*20 

0-3-0-4 

80 


7 

339 
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0*63 

0*0 

100 

2*6 

3 

143 

43*4 

1*49 

0 -2-0-1 
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30 

7 
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Table I—(continued). 


Doee. 

Eggs incubated for 2*6-3'6 boon at 14° C. 





No. of 
fertile egg* 

Average 
of the 



In r 

In 

No. of 

calculated 

percentage 

t* 

p.. 

unite. 

minutea. 

experiment*. 

from 

control 

experiments. 

hatch in 
individual 
experiment*. 


r i • 

20 

mm 

1 

69 

79*8 



40 


6 

378 

63*6 

1*95 

01-0-06 

60 

1*6 

2 

173 

40*3 

1*71 

0*2-01 

80 

2*0 

6 

342 

120 


<0*01 

120 

3*0 

6 

436 

5*2 


<0*01 

160 


6 

349 

0-7 

— 

— 

200 

60 

3 

220 

0 

— 

— 

240 

6-0 

2 

137 

0 

— 

— 

280 

70 

2 

134 

0 

— 

— 

320 

80 

1 

68 

0 




t' and P|' oompue the average* for eggs of 2<fi-3'6 hoars incubation with the averages of 
eggs of 1-2 hours inoubation. 


These complex changes can be most conveniently considered in three 
stages:— 

(а) The changes in the first 3-5 hours. 

(б) the changes after 10 hours. 

(c) The ohanges between 3*0 and 10 hours. 

(a) Action of X-rays on Eggs less than 3*6 hours old .—Experiments were 
made on eggs at the following ages:— 

I. Eggs between 0*3 and 1 hour. The results are recorded in Table 1 and 
fig. 3. curve A. 

II. Eggs between 1 and 2 hours. The results are recorded in Table I and 
fig. 3, curve A. 

III. Eggs between 2*6 and 3*5 hours. The results are recorded in Table I 
and fig. 3, curve B. 

In the three groups of experiments eggs which had been laid during a half- 
hour period were plated and were incubated at 14° C. for 20, 70, and from 120 
to lfiO minutes respectively. They were irradiated and then incubated along 
with the corresponding control eggs at 23° C. until the hatch occurred. The 
percentage hatch was then measured. The total number of oontrol eggs used 
fat this series of experiments was 6360 and of these 4921 or 92% hatched. The 
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eggs were obtained from about 60 different layings and 10 different stocks of 
flies were used. 

The results show that the average sensitivity of the eggs to X-rays does not 
vary significantly during the first 2 hours of incubation at 14° C., but that after 
2*0 hours the eggs become more sensitive. The dose of X-rays required to 
kill 00% of eggs of less than 2 hours incubation is 100 r, while only 60 r produce 
the same effect in eggs which have been incubated for 2-5-3-6 hours. 

Table 1 and fig. 3 show, however, averages obtained from many experiments, 
and, in order to decide whether the differences observed are significant, it is 



x, 0*3-1 hour; t, 1*0-2 hours; outre B, O • 2* 5-3*5 hours; curve C, ©, 11 hours; 
curve D, +, 10 hours. 


necessary to consider the scatter of the individual experiments. Fig. 4 shows 
the individual results in typical samples of experiments carried out on eggs 
less than 2 hours old and more than 11 hours old. The variation shown in 
fig. 4 is so great that a statistical analysis is necessary. The method of analysis 
is described below and the summary of it is expressed in Table I in columns 
headed x 1 . P x «, t, and P,. 

This analysis showed that the variation in the results was not due to the 
random sampling of the eggs and, therefore, in expressing the mean percentage 
of eggs which were killed by a given dose of X-rays, the following method was 
adopted. Several different batches of eggs were exposed to the same dose of 
X-rays and the percentage effect in each batch was measured. These per¬ 
centages were averaged and this figure was considered as the mea n percentage 
of eggs killed by a given doee of X-rays rather than the percentage derived 
from the total number of eggs used and the total number of eggs lolled. 
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fte. 4.— Dbtributkn graph ihowing the Matter of remit* of typical experiment*. Egg* 
iaoabated for time* equivalent at 14 s C. to: 0*5-1 hour, l~ I ; 1-2 boom, Ml i 
11 boon, ■ ( 16 boa*. Egt . 
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Analysis of Results. 

The detailed results which are summarized in Table I were ammimJ in 
order to find whether the variation which they show was due to random mmp lin g 
of the eggs. The analysis was made by the use of the statistic x* (Fisher, 1928, 
p. 69). By means of an appropriate statistical table (Fisher, 1928, p. 96) the 
value of x* reveals the probability that the variability is due to random sampling 
This probability has been recorded in Table I in column headed P x >. For 
example, if P x i = 0-5 then if the variation of the results is due to a sampling 
error there are 5 chances in 10 that an equal or greater value for x* will be 
obtained. If P„. = 0*01 there is only 1 chance in 100 that x* will be equal to 
or greater than the value obtained ; in other words, if P x . = 0-01 the variation 
of the numbers is probably not due to a sampling error. Table I shows that 
the variations in my results are almost certainly not due to sampling erron 
and the simpest explanation of the variations is found in the rapid ohanges of 
sensitivity of the eggs which are illustrated in fig. 6. Averages of results were 
therefore calculated, not from the total number of eggs used, but from the 
individual percentage action obtained from each group of eggs. 

The averages recorded in Table I were compared with each other by means 
of the statistic t (Fisher, 1928, p. 107). By means of an appropriate table 
(Fisher, 1928, p. 139) the probability of the significance of the differences 
between averages may be estimated. This probability has been expressed in 
Table I under the headings P, and P ( >. For example, if P t = 0*6 for two 
series of results, and if the two series are in truth part of the same series, then 
the difference between the averages which occurred experimentally or a greater 
difference will happen 6 times out of 10 by chance. If P< = 0*01 the difference 
in the averages will occur only once in a hundred times by chance. 

In other words, the smaller the value is for P„ the greater is the probability 
that there is a significant difference between the averages. The values 
recorded for P, show that for a given doee of X-rays there is no significant 
difference between the averages recorded for eggs of 0*3-1 hour inoubation 
and the averages for eggs of 1-2 hours inoubation. P ( -, however, shows 
that the difference between the averages for eggs of 1-2 hours inoubation and 
the averages for eggs of 2*6-3*6 hours incubation is a significant difference. 

(b) Actio n of X-rays on Eggs of more than 10 hours Incubation .— 

(i) Eggs inoubatei for 11 hours .—The results are recorded in figs. 3 and 4. 

(ii) Eggs inoubatei for 16 hows .—The results are recorded in figs. 3 and 4. 
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(iii) Egg* inoubated for 22 hours .—The median lethal dose of these eggs was 
found to be considerably greater than 1200 r. units. This dose killed 
about 10% in one or two experiments, but in the majority of experi¬ 
ments all the fertile eggs hatched. 

(iv) Eggs incubated for mart titan 22 hours .—Eggs inoubated from 22 hours 
up to hatching which occurs at 54 hours were so resistant that it was 
not possible to estimate the median lethal dose. The hatched maggot 
was also so resistant that no apparent effect was produced by doses up 
to 2500 r. 

In all these types of experiment the development of the egg was accelerated 
for experimental convenience, the method being as follows. The eggs were 
laid during a half-hour period and wore incubated at room temperature (14° C.) 
for 1 hoar. They were then incubated at 23° C. for various times and this 
duration of incubation was converted into terms of incubation at 14° C. by 
the use of the factor Q ta , fig. 2. This figure shows that a rise in temperature 
from 13° C. to 23° C. caused a 3-64-fold increase in the rate of development 
and that this increase was approximately uniform. A rise of temperature 
from 14° C. to 23° C. would, therefore, cause a 3 • 12-fold increase in the rate of 
development or in other words incubation for 1 hour at 23° C. is equivalent 
to incubation for 3-19 hours at 14° C. 

After irradiation the eggs in all four series of experiments were inoubated at 
23° C. until hatching oocurred. 

The results of experiments on the action of X-rays on eggs of more than 10 
hours incubation at 14° G. are summarised in fig. 6. This figure shows that the 
sensitivity to X-rays decreases enormously between 16 and 22 hours of incuba¬ 
tion. The sensitivity decreases slightly between 11 and 16 hours, but at 22 
hours the median lethal dose is more than four times the median lethal dose 
at 11 hours. 

(c) Action of X-ray* on Eggs Incubated for Periods of between 3*5 and 10 
i hours .—Experiments were made on eggs at the following ages in hours: 3-5- 
4, 4-4*5, 4*5-5, 5-6, 6*5-7, 8-5-9. The results obtained during these periods 
showed a much greater scatter than those obtained with eggs at other ages. 
The results of the individual experiments are shown in fig. 5. It will be seen 
that in some oases the mortality produoed by a given dose of X-rays on batches 
of eggs of the same age varied from 0 to 100% and a comparison of fig. 5 with 
fig, 4 shows the striking difference in variation inside and outside the limits 
of from 3-5 to 10 horns. 
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Averages obtained from the figures for eggs between 3*6 and 10 hours would 
have a doubtful significance and therefore these experimental results have 
not been averaged in tabular form as was done with the remainder of the 
experiments. The points in fig. 5 resemble the results obtained at other 
periods in that each point represents an experiment made on from 60-100 
eggs. Fig. 5 showB that the majority of the results obtained with eggs between 
3£ and 4 hours old lie close to curve B which is that obtained with eggs between 
2} and 3} hours old, but a few of the experiments show a greatly increased 
resistance. The results with eggs from 4 to 5 hours old show a wide scatter, 
but all lie between the curves B and C. Curve C is for eggs 11 hours old, from 



100 200 300 400 MO 600 TOT 900 
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Fig. 6. —Action of X-rays on eggs incubated for times equivalent at 14* C. to: 2-6-3 -5 
hours, curve B, from fig. 3 ; 3-5-4-0 hours, Q; 4 0-4-6 hours, + ; 4 6-6-0 hours, 
X ; 6-0-6-0 hours, O » <*‘6-7*0 hours, # ; 8-6-0-0 hours, A ; 11 hours, curve C, 
from fig. 3. 

fig. 3. The results with eggs from 5 to 6 hours old are scattered around curve 
C, whilst all except two of the results with eggs from 6J to 7 hours old lie to 
the right of curve C. Finally the results obtained with eggs 8$ to 9 hours old 
are scattered around curve C. 

These results indicate that between 4 hours and 7 hours of incubation at 
14° 0. there is a very rapid decrease in the sensitivity of the eggs to irradiation 
and that after 7 hours the sensitivity increases slightly. The average results 
as shown in fig. 6 indicate that during the period 3'5~4 a 5 hours the sensitivity 
may be reduoed to less than a third in as short a time as 30 minutes. The method 
of egg collection only ensures that the eggs in two different batches do not 
differ in Age by more than 80 minutes. Hence the rapid change in sensitivity 
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fully explains the extensive scatter in the experimental results during this 
period. Although the results are so scattered yet it is possible to estimate 
approximately the median lethal dose of irradiation at the various times and 
these values are shown in fig. 6. 


1A. IB. II. III. 



0 2 4 0 8 10 IS 14 16 18 20 S* 


Duration of incubation at l^'C. in hours. 

Fie. 0.—Relationship between the median lethal dose of X-rays, the dotation of inoubatkm 
st 14® C. and the stage of morphojogioal development of CoUiphtm ery tk rocepMa. 
Upper abscissa, I unicellular stage, A central nuolei, B nuclear migration. II blasto¬ 
derm stage. HI stage subsequent to blastoderm invagination. 

The Development of the Calliphorine Egg. 

The eggs were examined histologically in order to correlate the changes in 
sensitivity with the grosser features of the development of the embryo. The 
technique of section cutting is of unusual difficulty and is described in the 
Appendix. 

The development of the egg has been described by Noeck (1901) and I have 
confirmed many of bis descriptions and have used his terminology. The 
oaffiphorine egg is fhrtilued as it passes down the oviduct during the actual 
proces s of opposition. The newly laid egg, fig. 7, Plate 6, consists of a mam of 
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protoplasm in which many «n»li yolk granules are suspended. It contains 
one or sometimes two nuclei which lie in a halo of condensed undifferentiated 
protoplasm in which there are no yolk granules. The egg is surrounded by a 
vitelline membrane and an outer shell or chorion. This chorion is very tough 
and impermeable, but it has an opening at one pole, the mioropyle, through which 
the sperm enters. 

The egg nucleus divides, but no cell membranes are formed and the egg 
remains a multinucleated single cell until the eighth nuclear cleavage, fig. 8, 
Plate 6, when there are about 600 nuclei. Prior to this stage the nuclei are 
scattered throughout the cell, but they now become arranged in a layer roughly 
parallel to the egg surface about half-way between the long axis of the egg 
and the surface. Shortly afterwards the nuclei migrate to the surface and 
sections of the egg, fig. 9, Plate 6, show the appearance of trailing streamers 
of cytoplasm running from the nuclei at the surface towards the interior. The 
nuclei form a single-tiered layer immediately under the vitelline membrane. 
Cell membranes begin to form at the periphery and separate the nuclei from 
each other, but the cells are open to the interior of the egg and their cytoplasm 
is continuous with a cytoplasmic syncytium shown in fig. 10, Plate 6. At this 
stage practically all the protoplasm is massed towards the outside of the egg 
while the yolk granules occupy the inside. Finally the cell membranes are 
completed to form a single layer of columnar cells, the blastoderm, which 
surrounds the yolk, fig. 11, Plate 6. A longitudinal invagination of the blasto¬ 
derm along the ventral aspect of the egg produces a mesodermal tube and 
shortly afterwards another invagination of the blastoderm occurs on the dorsal 
aspect near the pole opposite the mioropyle, fig. 12, Plate 6. Noack describes 
this second invagination as endodennal and from it the gut tube develops. 
Fig. IS, Plate 6, shows a still later stage of development in which the primitive 
tube of the gut can be clearly seen. The reduction in sue of the cells does not 
allow the other structures to be distinguished. 


Rate of Embryological Development. 

The relationship between the various stages of development and the duration 
of incubation is shown in Table II and fig. 6. The egg when incubated at 14° C. 
remains a unicellular organism for 8-5 hours. During the fifth hour the 
blastoderm is laid down and the egg becomes multicellular. The first invagina¬ 
tion takes place at the ninth hour and the second invagination is complete 
at the sixteenth. 
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The rate of nnolear division was calculated in the following way. Sections 
of eggs whioh had been fixed during the fifth hour of incubation at 14° G. 
were examined and in many of them the blastoderm was in actual process of 
deposition. In 12 longitudinal sections of these eggs the nuclei were counted 
and the average number was 51. In 12 corresponding cross-sections the 
average number of nuclei was 12. If it be assumed that the eggs are approxi¬ 
mately cylindrical then the number of nuclei in each egg is 51/2 X 12 = 306. 
Eight nuclear divisions are required to produce this number of nuclei and 
therefore at 14° C. nuclear division occurs about once every half-hour. 

Development of the Irradiated Egg. 

It has been Bhown that X-rays can prevent the hatching of the oalliphorine 
egg and the following experiments were devised in order to find whether the 
irradiation caused an immediate stoppage of development. Eggs from a half- 
hour laying period were plated and were X-rayed after less than one hour of 
incubation at 14° C. A dose of 300 r units was given. At this stage of 
incubation the eggs are unicellular and contain about 8 nuclei. After irradia¬ 
tion the eggs were divided into two groups. One group was incubated till 
hatching occurred and out of 514 eggs, 1 *5% hatched (cf. Table I). The second 
group was incubated at 14° C. for 11 hours and was then fixed and sectioned 
for microscopic examination. It has been shown, Table II, that unirradiated 
eggs incubated for 11 hours at 14° C. have reached the stage of infolding of the 
blastoderm. Sections of 107 irradiated eggs incubated for the same time were 
examined and 86 or 80% of these had not formed a blastoderm. In 21 or 20% 
the blastoderm had been laid down, but in none of the eggs was there any 
sign of invagination. These results show that while at least 20% of the eggs 
continue to develop after irradiation with 300 r units, only 1-5% actually 
luttch. It is concluded, therefore, that the effect of irradiation is not to cause 
the immediate stoppage of development. The estimation of the number 
of nuclei in eggs before blastoderm formation is difficult, but there was evidence 
that in many eggs nuclear division had continued after irradiation. 

Discussion. 

The chief results of this investigation are set forth in fig. 6, which shows 
the variations in the sensitivity of the developing calliphorine egg to X-rays 
and also the times of the various stages of its embryological development. 
During the process of development the sensitivity of the egg decreases greatly, 



116 


C. M. Scott. 


but fig. 6 shows that the process is not continuous but that there is one period 
(4-7 hours) of very rapid loss of sensitivity and two periods (2-4 hours and 
7-10 hours) during which the sensitivity actually increases. The relative 
extent of the changes in sensitivity are compared in the inset graph of fig. 6 
in which the median lethal dose is plotted on a logarithmic scale. The general 
loss of sensitivity during development is in acoord with the Law of Bergonie 
and Tribondetra, but this law does not explain the detailed oourse of the 
changes in sensitivity and in particular cannot account for the two periods 
during whioh the sensitivity increases. 

The relationship between the sensitivity of the oalliphorine egg to X-rays 
and the degree of embryological development closely agrees with that found 
in other eggs. Henahaw and Henshaw (1933) described an almost identical 
curve relating X-ray sensitivity to the development of the egg of Drosophila. 
The developmental changes in the latter egg are almost identical With those 
in Oalliphora and the doses of X-rays used by Henshaw and Henshaw were 
similar to those which I used in CalUphora. Glaaser and Mautz (1933) obtained 
comparable results with eggs of Drosophila, although they discerned no periods 
of increased sensitivity. The egg of Asoaris also behaves in a fashion similar 
to that of CaUiphora for Schinz and Zuppinger (1928) found that the sensitivity 
of the Asoaris egg decreased when the egg changed from the single celled stage 
to the blastula stage. They found that the sensitivity gradually increased 
between the blastula stage and the gastrula stage and that thereafter it 
gradually decreased. 

The results of my investigations throw some light on the nature of the 
action of X-rays on cells. The present conception of the mode of this action 
depends on three methods of biological measurement. Firstly, the effect of 
X-rays has been measured by their lethal action, the method used in this 
investigation. Secondly, the effect has been measured by the genetic mutations 
which X-rays produce. In experiments of this type, the literature of which 
has been summarized by Hanson (1933), X-rays not only produce genetic 
mutations but also produce changes in the shape and behaviour of the chromo¬ 
somes and the two effects have been correlated. The third method of biological 
measurement of X-rays is the direct observation of the behaviour of cells whioh 
have been irradiated. By this method it has been shown that a oell is most 
easily killed during thfe process of nuclear division (Mottram, 1913; Holt- 
husen, 1921; Vintemberger, 1928, a) and also that irradiation may prevent 
nuclear division either temporarily or permanently (Canti and Donaldson, 
1926). 
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The latter two methods of studying X-ray action are mainly concerned with 
effects produced on the nucleus of the cell and Vintemberger (1928, 6, and 
1929) attemped to show that the nucleus was the primary seat of X-ray damage 
by the following method. He measured the dose required to kill two groups 
of developing eggs of the frog. In the one group an attempt was made to 
screen the cell nuclei and in the other to screen the cytoplasm. He concluded 
that the nucleus of the cell is enormously more sensitive to the lethal action of 
X-rays than is the cytoplasm. 

The results of my investigation afford no direct evidence of any difference 
in sensitivity between the nucleus and the cytoplasm, but they afford indirect 
evidence. Fig. 6 and Table II show that the development of the calliphorine 
egg involves two phases of cellular activity. During the first phase the seg¬ 
mentation nucleus divides continuously, but there is no cytoplasmic division 
and the egg is a multinuoleate single cell. During the second phase nuclear 
division occurs, but it is accompanied by division of the cytoplasm and the egg 
consists of many cells each of which have one nucleus. The change from the 
uninuclear to the multmuclear phase is abrupt and is accompanied by an 
enormous and sudden decrease in sensitivity to X-rays, fig. 6. This suggests 
that the decrease in sensitivity is related in some way to the division of the 
whole cell rather than to the division of the nucleus alone. 

This conclusion is further supported by the fact that there was no significant 
difference in tho sensitivity of the egg during the first 2 hours of development 
(Table I and fig. 6). During this period nuclear division occurred continuously, 
but oytoplaamic division did not occur and there was no significant difference 
between the sensitivity of eggs of less than I hour incubation and that of eggs 
of between 1 and 2 hours incubation. 

There is an increase in sensitivity between 2 • 5 and 3 • 5 hours and the extent 
of the increase is shown in the inset graph of fig. 6. At this time the nuclei 
and the cytoplasm are in process of migrating to the surface of the egg and 
this process is a preliminary to the change from the unicellular to the multi- 
oellul&r state. The complexity of the change which most occur in the cells at 
this time is the simplest explanation of the increased vulnerability of the eggs. 

This explanation also serves for the increased vulnerability which occurs 
between 7 and 10 hours. At this period the blastoderm is on the point of 
invagmating and again the complexity of the oell changes which must precede 
the invagination process is the simplest explanation of their increased sensi¬ 
tivity to X-rays. 

My results and conclusions differ from the results of other workers who have 
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studied the action of X-rays on mitosis. Then is, however, an fwtwitiril 
difference in the material studied. In the material studied by other workers 
mitosis was followed by cell division and they measured the action of X-rays 
in stopping the combined process of nuclear and of cytoplasmic division. 
Insect eggs are peculiar in that nuclear division occurs for several hours before 
cell division commences and hence it is possible to compare the action of 
X-rays on the process of nuclear division and on the process of combined 
nuclear and cytoplasmic division. Nuclear division begins Boon after the egg 
is laid and continues at a rate which appears to be fairly constant for the first 
10 hours. In spite of this fairly constant rate of nuclear activity, the sensi¬ 
tivity of the cells to X-rays varies extensively and erratically. These variations 
cannot be explained by variations in nuclear activity, but they are correlated 
with obvious changes in the activity and morphological structure of the complete 
cell units. These facts cannot be explained by Vintemberger’B finding that the 
action of X-rays is chiefly confined to the nucleus, but they can he explained 
if the action of X-rays causes greater damage to the complete cell unit when the 
cell is undergoing a complicated process of differentiation. 

The results of this investigation also show that the lethal action of X-rays 
on the oalliphorine egg is not an immediate lethal effect. In spite of their 
having received a lethal dose of X-rays some eggs continue to develop for a 
short time before death occurs. A similar effect is produced in Colpidivm 
(Crowther, 1920). Aaoaria (Holthusen, 1927), the embryo chick (Strangewajm 
and Fell, 1928) and on certain tissue cultures (Spear, 1931; Cox, 1931). 

The shape of the curves for the action of X-rays in this paper agree doaely 
with those obtained with many other tissues (Packard, 1931; Henshaw and 
Henshaw, 1933 ; Crowther, 1926; Canti and Spear, 1927; Cox, 1931). The 
significance of the shapes of the curves will be discussed later by the author, 
but explanations have already been put forward by Crowther (1926), Condon 
and Terrill (1927), Packard (1931), Clark (1988), and the explanation of Packard 
and Clark, namely, that the characteristic curve of biological action of X-rays 
expresses the individual variations of the biological units, appears to +.h«*u th "r 
to be the most reasonable explanation of the faeta. 
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of Physicians of Edinburgh, who instructed me in the methods of statistical 
analysis which I have used. My thanks are also due to Mr. Kilgour, of the 
Pathological Department of the Royal Infirmary of Edinburgh, through whose 
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Summary, 

(1) The relationship between the sensitivity to the lethal action of X-rays 
of the egg of Calliphora erythrocephala and the degree of embryological develop¬ 
ment of the egg has been shown. 

(2) The sensitivity of the egg decreases with age, but the loss of sensitivity 
follows an irregular course. 

(3) The variations in sensitivity can be explained by the accompanying 
changes in the embryological development of the egg. 

(4) The evidence suggests that X-rays exert their action on the complete 
cell unit rather than on the cell nucleus exclusively. 

(0) The lethal effect of X-rays on the calliphorine egg is not an immediate 
effect. 

(0) The shape of the characteristic ourve of the lethal action of X-rays on 
calliphorine eggs at various stages of development has been defined. 


Appendix. 

Method of Preparing Microsoopie Sections of the Eggs of Calliphora 
erythrocephala. 

By D. Ejlooub. 

(Department of Pathology, Royal Inflrmaiy, Edinburgh.) 

No satisfactory method of preparing sections of the eggs of Calliphora has 
yet been described, but the following method suooeedi in two-thirds of the 
attempts. The difficulty of the technique is due to the nature of the chorion 
of the egg, the hardness impermeability of which make fixation and section 
cutting very difficult. The following method gave the best results. 

About 200 eggs are immersed in Camoy-Lebrun fixative for at least 2 hours. 
They are washed in industrial spirit and after successive dilutions of the spirit 
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in water. The chorion is dissolved by immersing the eggs in sodium hypo¬ 
chlorite solution (about 0*02 gm. chlorine per 100 o.c.) for about 2 minutes. 
The judgment of the time required to dissolve the chorion without damaging 
the underlying cells is difficult and requires much practice. The eggs are now 
thoroughly washed in spirit and then in water. The chorion becomes detached 
at this time and when this occurs the eggs are washed in ascending concentra¬ 
tions of alcohol. After immersion for 1 hour in absolute alcohol and then for 
1 hour in benzole the eggs are embedded in paraffin (melting point 54° 0.). 
Sections are cut and Kull's method of staining gives the best results. 
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EXPLANATION OF PLATE. 

Fio. 7.—-A longitudinal section of a newly laid egg of OaUipkoru erytkrocqphala. x 47. 
The egg consists of a moss of protoplasm in which fine yolk granules ore suspended. 
No nucleus ih visible in the section. 
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Fio. a.—-Put of a longitudinal wotion of «n egg incubated ftr 1*8 2*9 hours at 14* C. 
X 196. N* use anolei surrounded by cytoplasm which oontalns no yolk granules. 
The nuclei are centrally situated. 

Km. 9.—Kart of a longitudinal section of an egg incubated for 3*3*6 hours at 14° C. 
x 136. N are nuclei which have recently migrated to the surfaoe of the egg. 

Fio. 10.—Part of a longitudinal section of an egg incubated for 6-6*6 hours at 14° C. 
X 125. Bin the blastoderm. Ceil membrane* can be seen near the margin of the 
section. The oella are still open to the interior of the egg and their cytoplasm is 
continuous with a syncytium of cytoplasm C. 

Via. 11.—Part of a longitudinal seotion of an egg. X 196 , incubated for 7*6-8 hours at 
i 14° C. The blastoderm B consists of a layer of complete* columnar, cells. 

Kio. 12.—Longitudinal section of au egg. X 47, inoubftted for 11 hours at 14° C. The 
mesodermal tube (M) is shown. The endodorm grows from point E. The yolk (Y) 
is very much reduoed in quantity. 

Fra. 13.—Longitudinal section of an egg incubated for 16 hours at 14° C. The yolk (Y) 
is greatly reduced in amount. The egg consists of a cellular mass in which the gut 
oanal G can be distinguished. X 47. 
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The Principle, of Formaldehyde, Alcohol, and Acetone Titrations. 
With a Discussion of the Proof and Implication of the Zwitterion 
Conception. 

By Gkobqe Maxwell Riukakdson. 

(From the Biochemistry Department, Imperial College of Science and Technology, 

lx>ndon, 8.W.7.) 

(Communicated by C. R. Harington, F.R.8. -Received January 15, 1034.) 

Consideration of the implications of the zwitterion hypothesis of Bjerrum 
(1923) makes it desirable to state afresh the principles underlying the methods 
commonly employed in the titration of amino-acids. Deductions of con¬ 
siderable theoretical importance, cf., e,g, t Calvery (1933) are still being made 
on the supposition that the alkalimetric formaldehyde titration method of 
Sorensen (1907) and the corresponding alcohol method of Foreman (1920) and 
of WillstAtter and Waldsohmidt-Leita (1921) estimate the carboxyl groups of 
amino-acids whilst the acidimetric acetone titration of Linderatrem-L&ng 
(1928) estimates the amino-groups. Yet the zwitterion hypothesis indicates 
that this assumption is the reverse of the truth. 

Discussion is greatly facilitated by collective consideration of recent physico¬ 
chemical evidence clarifying the principles upon which these common bio- 
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chemical methods rest. In a recent discussion of two of the titrimetrio methods 
(Van Blyke and Kirk, 1283) the existence of this evidence is ignored, so that 
it becomes necessary to systematise and elaborate the empirical argument of 
these authors in the light of the relevant investigations of Grttnhut (1919), 
Cray and Wesfcrip (1925), Michaelis and Mizutani (1925), Birch and Harris 
(1930, 6), and Levy (1933). At the same time new and useful developments 
are indicated. 


faviUerionic Coiwiitidion of Amino-acid*. 

The zwitterionic conception was used by Adams (1916) in the discussion of 
acidity, bnt was first fully developed by Bjerrum (1923), who pointed out that 
an amino-acid was comparable in its dissociation behaviour with an ammonium 
salt except for the fact that the positive and negative ions of the former 
remained permanently attached to one another by a carbon atom or chain of 
atoms, forming a zwitterion. This conception, which would remove all doubt 
as to the allocation of experimentally determined titration constants to the 
appropriate groups of ampholytes, was supported (a) by analogy with related 
non-ampholytes, cf. comparison of aspartic and tartario acids; (6) by the 
failure of isoelectric amino-acids to exhibit common reactions of the amino- 
group, such as condensation with formaldehyde ; (c) by the generally salt-like 
behaviour of amino-acids. 

Collateral evidence in support of Bjerrum's viewB has come from a number of 
sources. Thus the effect, of change of solvent on the dissociation constants of 
amino-acids (Michaelis and Mizutani, 1925; Neuberger, 1934), the heats of 
ionization of amino-acids (or the temperature coefficient of their dissociation 
constants) (Ebert, 1926; Birch and Harris, 1930, a; Greenstein, 1933) and 
the volume cliange of ionization of amino-acids (Weber, 1930) all favour a 
zwitterionic constitution for these compounds. 

Bjerrum's own analogy between the physical behaviour of amino-acids and 
that of salts has been extended by Borsook and MacFadyen (1930) in con¬ 
sideration of the effects of amino-acids on the p R of phosphate solutions. The 
effect is composite depending on the effect of amino-acids on (a) the ionic 
strength, and (b) the dielectric constant of the aqueous solutions. The former 
effect is direct evidence of zwitterionic structure, while the latter, too, has 
reoently been shown by Wyman and McMeekin (1933) to be explicable only 
in terms of the zwitterion. Molecular volumes and water-alcohol solubility 
ratios (Cohn el al. t 1933) have been used to demonstrate the highly charged 
nature of the amino-acid molecule and considerations of freezing point depres- 
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sion and ultra-violet absorption (Anslow, st al.> 1933) are also in accordance 
with its supposed zwittorionic character. Further discussion of the evidence 
from salt-like behaviour is given by Cohn (1932). 

A less conclusive line of evidence is provided by calculation, from a com¬ 
parison of p Kt of glycine itself and of glycine ester, of the induced effects 
of the groups —COOC,H 5 (assumed identical with —COOH) and —COO“ 
on the dissociation of the amino-group (Ebert, 1926 ; Miyamoto and Schmidt. 
1932). The use of formaldehyde condensation with amino-groups to facilitate 
a similar study of carboxylic dissociation is rightly rejected by Ebert (1926); 
the view maintained by Birch and Harris (1930, 6 ) that formation of titratable 
weakly-basic methylene amino-acids actually occurs is incompatible with 
experimental results, and as pointed out by Levy (1933) the only valid explana¬ 
tion of the effect of formaldehyde is that the latter reacts with the alkaline 
modification only of the amino-acid, thus depressing the effective concentration 
and lowering the titration curve. 

On the whole therefore it is clear that the chemical and physical behaviour 
of amino-acids is more readily explicable on the zwittorionic theory than on 
the older theories of their constitution. 

Theory of Acid-base Titration . 

Wince weak acids and alkalis undergo unit change in p n for every tenfold 
change in the ratio of free acid (or base) to neutralized salt, it follows that an 
acid whose p K > (p H of 50% neutralization) is 6 will be 9 • 1% neutralized at p H 5, 
or 99% neutralized at p u 8 . This relation makes it clear that accuracy of 
titration depends on choice of on end-point as far as possible removed from p Vi 
limits to the extension of p H range of the titration being imposed by the magni¬ 
tude of the so-called “ free acid ” (or “ free alkali ”) correction. This is an 
amount of the solution used for titration in sufficient excess of the requirement 
for neutralization to produce in the final solution a p H corresponding to the 
selected end-point. Its magnitude varies with the concentration of the re¬ 
agents (Rehberg, 1925), but usually is significant only with end-points acid to 
Pu 3*5 (or alkaliuc to 10*5). Yet this limit means that carboxylic groups 
(aqueous p K « < 5) cannot be titrated sharply to an acid end-point since 
at such an end-point significant amounts of acid will be required to produce 
even the smallest visible change in indicator colour (see p. 171). 

The features of titration important to the present work are (a) this systematic 
impossibility of acid titration of carboxylic groups, especially those of amino- 
acids, and (b) the fact that, whilst aqueous titration implies titration between 
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two Ph values, tbs formaldehyde, alcohol, and acetone titrations may be carried 
out using the same indicator for initial and end-points. In order to understand 
such titrations it is necessary to understand the effect of chongn of solvent on 
the dissociation. 


Theoretical Effect of Solvent on Acid-bate Diesooiation. 

The strength of an acid in solution, depending as it does on the extent of 
dissociation, will evidently be favoured by a solvent of high dielectric constant 
which will diminish the mutual attraction of oppositely charged ions; an 
actual chemical affinity between solvent and dissociating ions will have a 
similar effect. Bronsted (1926) states that the dielectric effect is predominant, 
but the chemical effect cannot be neglected. The idea of the combination of 
H + with water and other hydroxylic solvents in particular, to form oxonium 
ions (Bronsted, 1928; Sidgwick, 1927) is now being extended to other ions 
(Wright et at 1931), and implies that the dissociation of an acid may be 
regarded as a substitution in which solvent molecules compete with one ion 
for association with the other. Consider water (D = 81), alcohol (D = 26) 
and acetone (D ■= 21 ); we sec that in water mutual attraction will be low and 
association with solvent high, in alcohol mutual attraction and association 
with solvent will both be high, in acetone mutual attraction will be high and 
association with solvent low. The same acid therefore will be strong in water, 
weak in acetone, and intermediate in strength in alcohol. 

In accordance with the general definition of Bronsted (1928) acids ore to be 
regarded as substances capable of liberating H + (e.g. 9 HCT, H a 0 + , NH^) 
whilst bases are substances which can receive H + (e,j., Cl”, H a O, NH S ); thus 
all dissociations may be conveniently expressed in terms of the hydrogen ion 
and directly related to the p a scale. 

Now if we represent the dissociation of an ordinary acid thus: 

A = H+ + 

that of a divalent acid thus : 

A - H + B- 

that of a mono cation (such as NH 4 +) thus: 

A+-H+ + B, 

and that of a di cation (such as NH 9 f R NH t + ) thus: 


A ++ * H + + B + 
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we see tint the products of dissociation attract one another in the first two 
oases, have no action in the third and repel one another in the fourth. It 
follows that lowering of the dielectric constant (as by transfer from aqueous 
to alooholio solution) will diminish the strength of ordinary aoids, increase that 
of polycationio aoids, and leave that of monocationic. aoids unaffected. 
Mathematically expressed : 

Pk 0 (H,0) - PKc (solvent) * ^ - ±), (1) 

where pj^ is the dissociation constant expressed in terms of concentration, 
z B is the valency of the component B, and D w and D s are the dielectric constants 
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Fig. 1. Fig. 2. Fio. 3. 

Fm. 1.—-Theontieel variation of in aloohol. Fig. 2. —Observed variation of in 
acetone (Cray and Westrip). M » bemene-aao-ae-naphthylamine. Fig. 3. —Obeorved 
variation of p^, in aloohol (Iflsutani). 

of water and solvent at temperature T. By calculation, increase of for 
100% alcohol will be 0*8 units for a divalent acid group, 3-4 for a monovalent 
add, 0 for a monobasic ion, and a decrease of 3-4 for a dibasic ion, and so on. 
Fig. 1 depicts thia general behaviour. That this dielectric effect dominates 
the situation, other effects producing changes of only < 1 p% unit (Halford, 
1081), is exemplified by comparing fig. 1 with the experimental values of figs. 
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2 and 8. The appropriateness of the equation, however, in examples when B 
is > -f- 1 or < — 1, is rendered uncertain by the observation (Neubergar, 
1834) that the individual charges of a zwitterion function almost as discrete 
charges. The same may apply to like chargee carried by B, and indeed divalent 
acids do not undergo so large a change of strength as anticipated. There is, 
however, some augmentation, since univalent acids are titratable against 
phenolphthalein in the alkalimetrio alcohol technique (p. 152). 

Bronsted’s use of p^ emphasizes the diversity of constants in use to interpret 
acid-base phenomena, is the classical constant defined by the mass action 
law, in whioh the components are expressed as concentrations; it is determined 
conductometrically, and suffers considerable change with change of ionio 
strength of the solution, or as above, of the solvent, p*. is the “ titration 
constant,” expressed in terms of acid-base concentrations and hydrion activity; 
it » potentiometrioally determined, and varies with ionio strength and solvent 
in a manner different from the variation of p^ by the extent of change of the 
absolute hydrion activity correction. p K finally is a thermodynamic constant 
expressed in terms of activities of the components, so that is non-variant 
with ionio strength or solvent. 

The thermodynamic relation between p# values of the same arid in different 
solvents is, however, incapable of accurate expression owing to the uncertain 
magnitude of the absolute hydrion activity correction involved, and an 
arbitrary relation has so far been inevitable (Wynne-Jones, 1933; Neuberger, 
1934). It has, however, been pointed out (Halford, 1931), that, since the use 
of some alternative arbitrary pn scale involves only the addition of a constant 
to each p K - value in that solvent, the validity of comparison of these p K . values 
is not altered by the use of any particular scale. Since our intention is to make 
snob comparisons with a minimum departure from conventional modes of 
expression, we accept as the arbitrary basis of the pg scale, the assumption 
that the p H of identical concentrations of strong acid (HC1) in two solvents is 
identical, provided that the solutions are of negligible ionio strength. 

This basis, adopted by Gray and Westrip (1925), implies a different arbitrary 
zero potential for each solvent, the difference being a constant, roughly deter¬ 
minable (c/ the relation between potentials measured against the calomel and 
normal hydrogen electrodes). The procedure has the. advantages (a) that 
uncertain junction potentials—up to 4 mv. (Neuberger, 1934)—may be avoided 
in the comparison of two acids, and especially (6) that major change of p H in an 
HC1 solution on adding alcohol, becomes merely an expression of the effect of 
dilution. Alternative bases rest upon benzoic arid buffers (Wynne-Jones, 
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1933), acetic acid buffers (Halford, 1931), and an accepted value for hydrion 
activity in aqueous solution (Miohaelis and Mizutani, 1925 ; Neuberger, 1934). 
In these the determined p H aQ d values are convertible to the basis of our 
discussion by addition of a suitable constant (cf. figs. 2 and 3). For absolute 
alcohol this has a value approximately +2-5 (Brunsted, 1928), but is muoh 
smaller in aqueous mixtures. 

Linderstrem-Lang (1928), in introducing the acidimetrio acetone titration! 
based his theoretical treatment on the absolute activity coefficient for con¬ 
verting p Ke into p K values, but as such the treatment cannot be satisfactorily 
correlated with potentiometric or conduotometrio measurements in mixed 
solvents. We have therefore adopted the present formulation for general 
discussion. 

For convenience and to avoid violation of current conceptions, we shall 
continue to describe the titration of cationic acids (Bronsted) as a titration 
of “ basic groups.” 

Aqueoust Solvents. —In mixed aqueous solvents, ions tend to associate with 
water rather than the other solvent present, and, so long as there is sufficient 
water in the mixture, they behave almost as though in aqueous solution. As 
an instance, Butler (see Hartley, el al., 1932, p. G5) show's that lithium ions 
behave in certain respects almost identically in water and 30% alcohol. 
Hartley (p. 24) emphasizes the remarkable effect on dissociation of so little, 
as 0-1% of water in non-hydroxylic solvents. Consequently, determinations 
of the weakening of strong into weak -acids in pure acetone do not imply the 
same situation in aqueous solvents, and HC1, RHS0 4 , HNO a , and the sulphonic 
acids are still to be considered strong acids in 90% alcohol or acetone. 

This behaviour has other importance in that it shows that quantities of up 
to 20% of formaldehyde in the formaldehyde titration have probably little 
effect, physically, on the values of the ions in solution. 

Ampholytes and Polyvalent Ions.— The simple distinction between dis¬ 
sociating groups carrying different ionic charges provided by alcohol or acetone 
addition is of great value in allocating measured titration constants to definite 
groups of on ampholyte, and has been mentioned as evidence of zwitterionio 
structure. In ions carrying several charges, the charges tend to behave as 
discrete individuals, a fact which must not be overlooked in drawing conclusions 
from a pictorial representation of the ionization of ampholytes. The possibility 
of similar behaviour in polyvalent anions and cations requires extended syste¬ 
matic investigation. In the meantime, Bronsted’s treatment admirably 
defines the more obvious effects to be expected from alcohol or acetone addition. 
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Change «f Temperature .—The effect of temperature on px- values is not 
directly analogous to that of aloohol addition. Although the dieleotrio constant 
of water is changed by temperature (from 88 to 78 between 0 and 25°), the 
product DT of equation (1) remains almost constant. 

Obeerved Change of Add Strength in Aqueous Acetone. 

Pring (1928) showed eleotrometrically that monovalent bases (aniline and 
derivatives) underwent no large change of p K > in 90% acetone. Cray and 
Westrip (1920), from the same laboratory, subsequently determined changes of 
indicator and buffer strengths in this solvent. Numerous sulphonphthalein 
and aso indicators, as well as hydrochloric, phthalic, acetic, and chloracetic 
acids, and glycine, were examined. Selected results are shown in fig. 2. 
Measurement was made with quinhydrone electrodes, in an electrode chain 
using 90% aoetone throughout (nee MaoFarlane (1931) for possible oxidation 
changes), and the general conclusions are these. Monovalent carboxylic 
acids are weakened 4 to 0 units in 90% acetone (O = 26) and the second group 
of phthalio acid by 6 units, while the monovalent basic ions undergo a shift 
of 1 to 1-5 units in the opposite direction. Hd is a strong acid in both 
solvents, having its p B changed only to the extent expected from dilution. 
The ionio product, K,* (*.e., H + x OH - ), for acetone-water differs from that 
of water (p^ =■» 14), the values found by Pring (1923) being p Kmw — 16-5 at 
20° in 80% aoetone, and p Klw =* 19 • 7 in 90% aoetone. The so-called “ neutral- 
point " of 90% aoetone is therefore at pn 9*7. The greater rate of change of 
Pk 1w in the more concentrated aoetone solutions is not unexpected. 

Obeerved Change of Add Strength in Aqueous Alcohols. 

With aloohols, a more extensive survey has been made by Miobaelis and 
Miiutani (1924, 1928) and Misutani (1928). px' values for every 10 or 20% 
change of alcohol concentration were recorded for numerous raonocarboxylic 
sod dioarboxyKo adds, for phenols, phosphoric and carbonic acids, for 
ammonia, aniline, and their methylated derivatives, glycine, aminobenioie 
adds, and several one-colour indicators. Potential measurement was made 
with a hydrogen electrode (aJcoholio)—reference electrode (aqueous) ohain, 
so that for reasons already discussed, the resulting measure of " p*” in the 
aloohol solutions has not its conventional relation to hydrion concentration, 
even apart^om the unoertain junction potentials involved. Selected results 
are depicted in fig. 3. Change of px- by this procedure wss, as expected, 
much less than the corresponding effect in the acetone experiments. Mono- 
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valent adds, including phenol*, were weakened by 2 to 2-5 unite in 90% ethyl 
alcohol (D 30), the divalent acid* by slightly more although studies were 
not extended beyond the 80% alcohol. The p values of monovalent basic 
ions suffered a decrease of about 1 unit, investigation of amino-acids has 
recently been made by Neuberger (1934). No data have been found for p^ w 
of90%alcohol, hut MacFarlane and Hartley (1932) give 1H-7 for I00%a|oohol 
so that the apparent value for 90% alcohol may well be about 16 (18*7 — 2-5). 

In methyl alcohol (90%, D “ 38), there was a tendency towards decreased 
p K ' values as compared with ethyl alcohol (Mizutani, 1925), the acids being 
weakened by only about 2 units. For 90% propyl alcohol no data have been 
found, but the pure alcohol (D = 22) was found by Hunt and Briscoe (1929) 
to depress the dissociation of weak acids much further than did pure ethyl 
alcohol. 


Observed Change of Basic function in Aqueous Formaldehyde. 

The action of foimaldehyde has been studied electrometric&Uy by Birch 
and Harris (1930, 6), using a similar method to that of Michaelis and Mixutani 
for alcohol. They made observations in varied concentrations of formaldehyde 
up to 16% on ammonia, propylamine, aniline, phenol, acetic and boric acids, 
and numerous typical ampholytes. Ammonia, propylamine, and aniline, 
had their p^’s lowered by 2% formaldehyde addition; phenol, acetic and boric 
adds were not significantly affected by 5% formaldehyde. Ampholytes, 
selected with reference to their zwitterionic behaviour, showed, according to 
the number of amino or acidic groups present, groups depressed or unaltered 
by formaldehyde addition. Levy (1933) has formulated more precisely the 
change in the second p^s of a-amino acids. Selected results are reproduced in 
fig. 4. Change of p K > varied, for concentration* above 1%, as log (CH a 0) s for 
a-amino adds, or as log (CH a O) for proline. This implies that each a-amino 
group was associating, not with one formaldehyde molecule as suggested by 
Sorensen, but with two, and that proline associated with one. Depression of 
Px’ in 10% formaldehyde was about 2*5 to 3 unite, but with tyrosine and 
glycine large specific variations were obtained. 

Formaldehyde , Alcohol, and Acetone Titrations. 

These titrations depend simply on selecting certain groups for titration 
which are altered in p K , by addition of one of these reagents, and using an 
indicator which is not so altered, or vice versa. The prindple may be applied 
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at sight to the estimation of add or basic groups of any given strength, where 
it is not limited by lack of appropriate indicators (see Clark, 1928). 

It is impossible to enumerate the conceivable variations, but figs. 5 and 8 
depict, in condensed form, a few examples showing the variation of p K ’ of 
adds, bases, and indicators with solvent concentration, upon which titration 
depends. In fig. 7 these effects are given in detailed form for glycine in 90% 
acetone or alcohol and 10% formaldehyde. As this diagrammatic presentation 
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Fra. 4.—Observed variation of in CH,0 (Levy). Fio. 5.—Basin of acetone (or alcohol) 
titration. Fro. 6.—Basis of formaldehyde titration. 


in the oustomary form is self-explanatory, it remains just to point out that 
figs. 5 and (i simply represent the change of the mid points of the curves 
depicted in fig. 7. Then, let A in fig. 5 (or fig. 7) depict an acid group, B a 
basic indicator; if A is approached from the alkaline side by titration in water 
with HC1 B will be at the mid-point of its colour change before A is 1% 
titrated; if 90% aoetone is added, A will now be almost completely titrated 
before B reaches the mid-point of its ookrar change. This is the principle of 
the Linderstrsm-Lang titration (1928) using benxene-aso-a-napthylaxnme as 
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indicator (see fig. 7); improved accuracy would follow the use of a dibasic 
indicator C of more alkaline range, if such were known. 

Again, let F (figs. 5 or 7) be a basic group, E a one-colour, divalent (or multi¬ 
valent) acid indicator ; if F is approached from the acid side by NaOH titra¬ 
tion in water, E is coloured before F is significantly titrated; after alcohol 
addition F must be largely titrated before £ can become coloured. This is 
the principle of the Foreman (1920), Willstfitter (and Waldschmidt-Leitz, 1921) 
alcohol titration with phenol- or thymolphthalem. But, if H is a monovalent 
acid not significantly titrated in water, it will also be considerably titrated 
in 90% alcohol Iwjfore the indicator changes colour, and will introduce error 




Fra. 7.—Effeot of solvent on glyoino titration corvow. 


[a) in water; (b) in 00% acetone (Linders tram -Lang titration); («;) in 00% alcohol 
(Foreman titration); (d) in 10% formaldehyde (Kerenson titration). 


into the method (see p. 152). A monovalent indicator would improve 
the specificity by not titrating such acid groups, but would decrease 
the quantitativeness; suitable indicators are, however, rare. Lastly, if Q 
is a divalent basic group of larger p K - than F, it will nevertheless be satis¬ 
factorily titrated. This explains the satisfactory estimation of the second 
lysine group by alcohol titration (Willst&tter and Waldschmidt-Leits, 1921). 

Alternatively, let B (or C) of fig. 5 be a basic ion mixed with an acid group 
D, A an indicator of the same valenoy as D ; if B is approached from the acid 
side, A will be at its ond-point in water when B and D are only 1% titrated 
(it will, however, be a vague end-point owing to the presence of “ tree add ; 



132 


G. M. Richardson. 


if 90% acetone is added, B will now be almost completely titrated before A is 
at its mid-point, but D will still be only 1% titrated. Titration, specific for 
the basio group, is thereby accomplished. Again, it may be wished to estimate 
HC1 in the presence of the acid group A. In water, this ia impossible since A 
is already 60% estimated by the time residual HG1 is reduced to 0-01N; in 
90% acetone, however, the HC1 can be largely titrated before A is affeeted. 
This is a valuable method for estimating “ free HC1 ” (p. 170). 

Fig. 6 (or 7) depicts a simple example of the formaldehyde titration (Sorensen, 
1907) and formaldehyde-alcohol titration (Foreman, 1920). F ia an amino 
group, E an acid indicator whose range is presumably not altered by formalde¬ 
hyde addition; in water E becomes coloured before F is significantly titrated 
by NaOH; on adding formaldehyde, however, F is now largely titrated before 
E is coloured; by adding alcohol, this effect is accentuated owing to the changed 
range of the indicator, but at the same time the concentration of formaldehyde 
is diminished, reducing the depression of F. 'Phere is no olectrometrio data 
available to show the resultant effect precisely. 

It is apparent in the above that quantitative and speoifio titration depends 
not only on the agent used, but on the group to be titrated, and the appropriate 
selection of the indicator. In previous sections, foil demonstration of some of 
the relevant points has been given, or inferred, as follows: (a) titration accuracy 
varies with the pn range available for titration, and is a maximum if the 
titrated group is midway between the titration end-points (see p. 162 for 
further discussion); (6) extension of the available p a range in water is limited 
by the magnitude of the “ free acid ” or “ free alkali ” corrections, whioh 
become significant at about p a 3-5, orp H 10-5 respectively; (c) in alcohol or 
acetone an extended p a range is available for titration, the alkaline limits 
occurring at fy 14 or 16 • 5 respectively; (d) the range effective for titrating 
an individual group, as a result of the relative displacement of groups, is about 
5 units for aoetone, 3-5 units for ethyl (methyl) alcohol, and 2*5 to 3 units for 
formaldehyde. This corresponds to a quantitative accuracy of 99-3%, 96%, 
and 90% respectively, under optimum conditions of titration; (e) the swjtterioa 
hypothesis is emphatically confirmed by available critical methods. 

The LinderstT§m-Lang acttone titration (1928) is then a measure of carboxylic 
groups (as curve A, fig. 5). It is not speoifio for amino acids, but it can be used 
to estimate all other Booh moderately strong acid groups as happen to be 
present—oxalates, phosphates, pyruvates, oitrates (1st group), tartrates and 
similar groups, and creatine—while the weaker malate, citrate, lactate, and 
acetate groups, etc., can be estimated to the extent that they are untitrated by 
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HC1 at the initial point in water. The method therefore should never he 
applied to oomplex biological fluids,* but if used on more simple solutions can 
be expected to be quantitative as it offers a wide pg range for titration. The 
allralimetric aloohol and formaldehyde titrations pfovide a measure of amino 
groups, but can never be considered quantitative as they do not offer sufficient 
pn range for titration; as a consequence, their accuracy mainly depends on 
an appropriate ohoice of indicator. They have been discussed in detail as 
one-indicator and two-indicator methods elsewhere (p. 164). The alcohol 
titration is not specific for amino groups, but partially titrates magnesium 
and weak monovalent acids as well. For simple solutions, quantitative 
accuracy would be increased by the use of acetone in place of aloohol. 

Insolubility .—The great practical disadvantage of acetone and aloohol 
titriraetric methods, that of titrating in solutions which may be quite turbid 
as a result of precipitation, has been discussed by Waldsohmidt-Leits » n|) 
Kfinstner (1927) and by Sorensen and Walther (1928). Waldsohmidt-Leits 
and Schaffer (1926) who also considered the problem use methyl aloohol as 
added solvent where phosphate buffers are present. 

New Applications. 

With the principles thus outlined, other applications may be made. Thus, 
acetate for use in buffer solutions may be sharply titrated in 90% 
acetone with standard UC1, using neutral red as indicator. Or again, the 
strong inorganic acid in a mixture of HC1 with phosphoric acid, or in a peptic 
digest, or in gastric contents, can be titrated by NaOH with satisfactory 
accuracy, using naphthylamine orange in 90% aoetone (p. 170). Again, the 
titration of any basic group in the presence of acids of similar p K . or vice 
versa may be accomplished by appropriate choice of indicator. 

Other valuable applications appear in the allocation of titration constants 
to the titratable groups of ampholytes. The method was used with advantage 
(Richardson, 1938) to distribute correctly the three observed titration constants 
of 2-thiolhistidine, between the four possible titratable groups. It may also 
be used with nicotinic acid (p K < co. 3*3, 4*8) to show that these groups are 
respectively the oyclic nitrogen and oarboxyiio groups, since only the latter is 
titratable with a suitable basic indicator and aoetone. 

* Van SUyto and Kirk (1933) have just esamined its application to blood. They o h ee r vt 
the effeot of laotio eta., bat do not ooneider Interference by phoephorie eatd, creatine, 

or phoephcrio add complexes. 
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Ditouuion. 

It remains to apply the present procedure to the interpretation of a few 
typical problems. The first of these concerns the titration of the dicarboxylio 
and the basic amino adds. If aspartic acid and lysine are titrated to a 
phenolphthalein end-point in formaldehyde, alcohol, or acetone, the former 
amino acid requires two equivalents of NaOH, the latter only one. These 
titrea are in the ratio of the oarboxylic groups of these amino acids, and were 
regarded as evidence that carboxylic groups were being titrated, contrary to 
the zwitfcerionio view. Correspondingly, if HC1 titration is made to a benzene- 
azo-a-naphthylamine end-point in acetone, one and two equivalents respec¬ 
tively ore required, giving apparent indication of the titration of amino groups. 
These results, however, arise from the use of isoelectric, rather than neutralised, 
amino acids, the titrations being quite ambiguous as evidence. Had the 
titrations commenced at p n 7 to 6, lysine would have required two equivalents, 
aspartic acid one with NaOH, as was demonstrated by Grlinhut (1919) using 
litmus ; one and two equivalents, respectively, would have been required with 
HC1. These titrations are now in the proportions required by the switterion 
hypothesis. 

The situation with aspartic acid and the three basic amino-acids is represented 
in the p H titration curves of fig. 8 (which is slightly formalised by merging all 
the acid titration corves, and the two alkaline ourves of histidine and aspartic 
acid). Arginine, lysine, histidine, and aspartic acid are isoelectric at points 
A, B, C, and £, respectively; titration by NaOH in alcohol, etc., will 
therefore neutralize respectively 0 (the guanidine group is too strong for 
titration), 1, 1, and 2 equivalents; titration after neutralization to j»g 7 to 8 
(points D and C, is., titration of arginine and lysine hydrochlorides, histidine, 
and sodium aspartate) will require 1, 2, 1, and 1 equivalents. Back titration 
to methyl red in alcohol (Harris, 1923) is merely equivalent to titration after 
neutralization to p& 7-8. Neutralization to litmus results in the estimation of 
1 *3 equivalents of histidine (Grttnhut, 1919); for amino groups incompletely 
estimated under standard conditions (see p. 164). On the other hand, 
titration by HC1 in acetone will require 2, 2, 2, and 1 equivalents, but 
after neutralization 1, 1, 2, and 2 equivalents. If the preliminary material 
were arginine dihydrochloride, histidine hydrochloride, or aspartic acid hydro¬ 
chloride, etc., corresponding correction has to be made. This interpretation 
of fig. 8 from the iwitterionio standpoint aooords completely with all experi¬ 
mental results as distinct from theoretical conclusions of Serensen (1907), 
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tirttnhut (1910), Foreman (1920), Willst&tter and Waldachmidt-Leitz (1921), 
Harris (1923), and Lmderstrem-Lang (1926), 

Protein Hydrolysis Experiments .—Finally, the legitimacy of those chemical 
studies of enzyme Activity purporting to demonstrate equivalent liberation 
of —COOH and —NH t groups during proteolysis must be re-examined. These 
studies, summarised bv Serensen and Walther (1928), continued by CaIvory 
(1933), apply titrimetric or Van Slyke analytical methods to proteins under¬ 
going enzymic hydrolysis, to estimate the extent an d nature of proteolytic 
scission At given time intervals. The question at once arises whether by com¬ 



paring amino-N (Van Slyko) with amino-N (alcohol or formaldehyde), and not 
with —COOH as these authors conceived, results of value are aohieved. The 
answer is that by a fortunate coincidence due solely to the conventional method 
of titration and not generally applicable, the comparison of these estimations 
remains valid evidence as to whether add groups are, or arc not, produced in 
excess of amino groups. Although the argument is a little involved, it may be 
well to examine in what way analysis of protein hydrolysates differs from others, 
and how protein workers arrived at accurate conclusions when their theoretical 
interpretation was inaccurately conceived. 

The crux of the argument lies in the following self-evident statements. 
(1) Sines results of proteolytic analysis are expressed as difference values, only 

?OL. OTV.—B* h 
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such groups as ap p e a r during proteolysis are included in the difference estima¬ 
tions. These appear primarily from some type of peptide scission, but may 
conceivably result also from ester at other scissions. They are the only groups 
that must be considered in this discussion. (2) By peptide scission, moderately 
strong acid and basic groups appear simultaneously in solution, and naturally 
appear mutually ionized as the ions of a salt, which is a substituted ammonium 
acetate and has corresponding properties 

R. CO. NH. R' = R . COO '+ NHjR' 1 ". 

(Frequently two zwitterions actually appear from an original zwitterion, but 
the only new groups in the solution, tbe only effects which conoem the mass 
estimation, are those having the effect of a salt.) By ester scission, a moderately 
strong acid group appears free in solution, 

R. COOR' = R. COOH + HOR'. 

(3) At the end-point of alcohol and formaldehyde (NuOH) titration, ions of 
basic groups are converted to the free bases, those of acid groups remain as ions, 

CH.COO- 4- NH*+ -f NaOH = CH.COO" -|- Na + + NH/)H. 

At the end-point of acetone (HC1) titration, ions of acid groups are converted 
to the free acids, those of basic groups remain as ions, 

CH.COO ‘ + NH/ + HCI --■= CH.COOH + NH/ + Cl . 

(4) The titration methods may be applied in two ways : (a) by preliminary 
neutralization before addition of alcohol, etc., and (b) by adding alcohol, etc., 
directly to the un-neutralized digest. The second method is the more usual. 

If method (o) is used, then, in whatever way newly hydrolysed groups appear 
in solution, they are present at the initial points neutralized as salts, and are 
converted to free acids (by HCI) or bases (by NaOH) at the end-points. Con¬ 
sequently, primary and secondary amino-N is estimated by alkalimetrio 
alcohol and formaldehyde titration, and moderately strong acid groups by 
aoidimetric acetone titration—in contrast to the original interpretation of 
these titrations, Thus, where alcohol and formaldehyde titrations are com¬ 
pared with amino-N (Van Slylfe or eolourimetrio) this provides merely a com¬ 
parison of the efficiency of the methods. The data of HuJing and 
(1916) on tryptic protein digests thereby serve only to show that amino-N 
(fosmaldehyde) is fi to 30% low compared with concordant values for amhto-N 
(Van filyke) and amino-N (ninhydrin), and does not give the believed oom- 
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parison of —COOH and —NH* proportions. Titration methods in this form 
are oomisg into general use to estimste amino-N, and the question of their 
relative analytical worth is discussed elsewhere (p. 162). 

If, on the other hand, method (6) is used, then hydrolysed groups are titrated 
from the form in which they are liberated in solution, to the form in which they 
are found at the end-point. Thus the splitting of a normal peptide bond to 
liberate equivalent amounts of positive and negative ions aa salts, will be 
estimated equally by acidiinetrio acetone titration, or alkalimetric alcohol or 
formaldehyde titration. But the scission of ester bonds to liberate free acid 
groups will not be estimated by acidimetrio titration, of whioh the end-point is 
the free add ; it will, on the other hand, be estimated by alkalimetric titration, 
of which the end-point requires the anion of the acid group. Thus by method 
(6), formaldehyde or alcohol titration will include total amino-N of peptide 
bonds («= total acids of peptide bonds) + total acid groups appearing free 
(this will be true irrespective of incidental reaction of the free acid groups with 
the buffers of the digest, since this merely leaves other weaker acids to be 
neutralised). Evidently, in this peculiar case of unneutialised protein digests, 
groups equivalent to total acid groups appearing by scission will be titratable. 
Conversely, acidimetrio acetone titration, in these particular circumstances only, 
will be of such dimensions as to represent total amino-N. It was described 
in these terms by Linderstrem-Lang (1928), who foils, however, to emphasise 
that it is a specific oase without general validity. 

Another distinction between methods (a) and (6) is that titration of the 
salts liberated from peptide (or acyl proline) scission by the former method is 
a one indicator method, whereas titration by the latter method represents 
a two indicator titration from the p K of the neutral salt to a chosen end-point. 
As such it is increasingly quantitative the more alkaline the end-point, and is 
thus in contrast to titration by method (a) (see p. 164). It is the growing 
tendency to apply conclusions from the protein method (6) to biologioal 
analysis by method (a) that has necessitated our re-statement of the principles 
involved. 

To summarise, the titxation of protein hydrolysates varies in interpretation 
aoooiding to whether the appearing groups are neutralised first to the chosen 
indicator or not. In the former method (a), alkalimetric alcohol and formalde¬ 
hyde titration estimates amino-N, not acid groups as has been believed, and 
acidimetrio acetone titration estimate# acid groups, not amino-N. In the 
latter method (6), free arid groups become wedged, as it were, into the aloohol 
and fonnaldehyda titree making them of dimensions equivalent to total arid 
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groups, as has hitherto been accepted. The similarity of the argument with 
that applicable to trivalent amino-acids (fig. 8) may help to eluaidate it. 

Applications .—Proceeding to general discussion of the estimation of 
particular scissions by various methods, ordinary scission of a peptide bond 
will be measured equally by estimating —COOH groups (acetone) or amino-N 
(Van Slyke, oolourimetric, alcohol, or formaldehyde) with minor discrepancies 
due to particular analytical defects of the respective methods. Scission of an 
acyl proline bond will be fully measurable as —COOH (aoetone), in large measure 
as amino-N (alcohol and formaldehyde), but not at all as amino-N (Van Slyke). 
Scission of ester linkages will be measurable by method (6) by formaldehyde 
or alcohol titration, but not by acetone titration or Van Slyke analysis; 
scissions liberating free amino groups would be estimated by the latter methods 
and not the former. RjP 0 4 “ will be indistinguishable as an acid group from 
KCOO~, and scission of its esters (if this does occur, Levene and Hill* 1933) will 
appear to bo carboxylic ester scission. 

Evidence of Sorensen and Walther (1928) that increase of alcohol and formalde¬ 
hyde titre is virtually the same as that of aoetone titre during 88-hour hydro¬ 
lysis of casein, gliadin, and gelatin, is therefore valid evidence that ester (and 
similar) linkages have not been hydrolysed to any extent comparable with 
hydrolysis of peptide (or acyl proline) bonds. By an electrometric method, 
this has been confirmed for gelatin with an accuracy of about ± 1 linkage per 
molecule (Cannan and Muntwyler, 1930). 

Likewise, evidence of Waldschmidt-Leits and Ktinstner (1927) showing 
virtual equivalence of Van Slyke and alkalimetric alcohol estimations during 
3 days peptic hydrolysis of histone, ovalbumin, casein, and gelatin (in spite 
of 9 and 23% of (proline -f oxyproline) in the last two proteins) is pre¬ 
sumptive evidence that only peptide bonds are split by pepsin. Bergm&nn, 
Zervas, and Sobleiob (1932) continued a tryptic hydrolysis of gelatin with 
erepsin (amino-polypeptidase), and showed that disparity between Van Slyke 
and alcohol estimations attributable to acyl-proline scissions then appeared. 
It is therefore difficult to interpret obervationa of WaMaohmidt-Leits and 
Ktinstner (1927), and of Cal very (1983) that oompietc ensymio hydrolysis of 
histone and of ovalbumin (as controlled by acid hydrolysis) was accompanied 
by equivalence to within 3%, with no disparity appearing during ceeptio 
hydrolysis, when ovalbumin, at least, contains over 4% of proline (neglecting 
oxyproline). Although numerous explanations are possible none is very 
acceptable, and good reason is provided for preferring titration methods whose 
mode of action is predictable to the Van Slyke method in such experiments. 
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It ia therefore desirable to predict the effect of a few hypothetical scissions 
on the titrimetric methods. Of these, the liberation of free basic groups, or of 
phosphoric acids, has been considered, but other types of scission, not entirely 
speculative, are suggested by the demonstration that arginine of proteins only 
becomes accessible to decomposition by arginase (Hunter, 1926) or by H,O a 
(Edlbaoher, 1924) after proteolysis. If a linkage, U. NH . C(: NH). NH. CO.R r 
be postulated, its hydrolysis to form the salt of the strong base will not be 
estimated by alkalimetric alcohol or formaldehyde titration, since the strong 
base remains in salt combination at the end-point, whereas by aoidimetric 
acetone titration the acid group will be estimable as usual. Converse effects 
would be observed if strong (sulphonic) acid groups should happen to be hydro¬ 
lysed from a type of peptide combination. From ester combination, these 
acidB would increase the alkalimetric titrations by method (b) as usual, but 
will actually decrease acidimetric acetone titration (method (6)) since their 
hydrolysis is equivalent to adding strong acid. Weak basic (histidine, chromo- 
proteins) or weak acid groups, if liberated as salts (i.e., where basis is larger 
than accompanying acid p K ) will be indistinguishable by method (b) from amino 
or carboxylic groups. If liberated free, or as mixed acids and bases too weak 
to form salts, they will usually not be estimated at alL 

Recommended Protein Titration Methods .—Although previous discussion 
has aimed so to explain the principle of the titrations that particular applica¬ 
tions can be devised to cover particular cases when they arise, one obvious 
recommendation might be missed. AU that it neoessary to demonstrate equi¬ 
valence of acid and baste groups liberated during proteolysis of soluble proteins is 
a simple aqueous titration at given time intervals top^Sto 6*6, the p a of minimum 
buffering power of protein-polypeptide-amino acid mixtures. Scission of 
ordinary acid-base linkages, having the effect of introducing a Balt of wliioh the 
above p B is the neutral point, will not influence such a titration. Only acids 
and bases appearing free in the solution will be determined. By titrating 
thereafter by the Linderstrom-Laug (acids) or Willstfitter (amino-N) methods, 
or determining amino-N (Van Slyke), disparities representing soission of 
proline or arginine linkages, etc., or factors yielding approximate polypeptide 
content, may be determined. To minimize indicator masking when aliquots 
an not available for titration, bromoreeol purple (6*2-6*8) will serve for 
aqueous titration if Linderstrsm-Lang titration is to follow, or propyl red 
(4 >6-6-6) if Willst&tter titration follows. Titration will be facilitated by the 
well-known Liters-Grtinhut comparator technique. 
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Summary. 

The principles upon which the formaldehyde, aloohol, and aoetone titrations 
of amino acids depend have been discussed in the light of the zwitterion hypo¬ 
thesis and the evidence for this hypothesis summarized. 

The Sorensen and the Foreman (Willst&tter) titrations estimate amino 
groups, the Linderstrem-Lang titration carboxylic groups, oontr&ry to aooepted 
convention. In the particular case of protein investigations, however, the 
old comparison of amino-N (Van Slyke) with Wills titter titrations to demon- 
strate equivalent liberation of acid and amino groups by enzymic hydrolysis 
remains valid, by a fortunate coincidence resulting from the modified titration 
procedure conventional in these studies. 

Useful new applications of the general principles have been suggested. 


REFERENCES. 

Adams (1010). * J. Araer. Chem. Soo./ vol. 38, p. 1503. 

Anslow, ri al. (1033). ' J. BioL Chem.,* vol 108, p. 81. 

Bergmaim, Zarm, end Sohlcdoh (1082). * Bar. deuts. chem. Qee.,’ vol OS, p. 1747. 
Birch and Harris (1030, a). 4 Biochem. J.,* vol. 84, p. 564. 

-(1030, 6). 1 Biochem. J.,* vol. 34, p. 1080. 

BJerrum (1028). 1 2. phys. Chem.,* vol. 104, p. 147. 

Banoak and MaoFadyen (1030). * J. Gen. Physiol.,* vol. 13, p. COO. 

Brtested (1026). 4 J. Phys. Chem.,* vol. 30, p. 777. 

-(1928). 4 Chem. Rev./ vol. 6, p. 284 (ohapts. VI, VII). 

Calvary (1033). 1 J. Biol. Chem./ vol 108, p. 73. 

Canaan and Muntwyler (1080). * Bloohem. J./ vol. 34, p. 1012. 

Clark (1038). 1 The Determination of Hydrogen Ions/' 3rd ed., p. 76 (London). 

Cohn (1032). 1 Natunriss./ voL 30, p. 663. 

Cohn, et al. (1033). 1 J. Biol. Chem. (Ptoo.)/ vol. 100, p. 28. 

Cray and Westrip (1030). 4 Tram. Faraday Soo.,' vol. 81, p. 326. 

Ebert (1020). 4 Z. phys. Chem./ voL 131, p. 385. 

Edlbaehar (1034). 1 Z. physiol Chem.,' vol 184, p. 136. 

Foreman (1020). 4 Bloohem. J./ vol 14, p. 401. 

Gmnatein (1083). 4 J. Biol Chem./ vol 101, p. 003. 

Grflnhut (1910). 4 Z. Untecs. Lebansmitt./ vol. 87, p. 316. 

Halford (1031). 4 J. Amer. Chem, 8oo./ vol 68, p. 2080. 

Harding and Maclean (1916). 4 J. BioL Chem./ vol 34, p. 008. 

Harris (1928). 4 Proo. Roy. Boo./ B, vol 06, p. 500. 

Hartley, at al. (1082). 44 Chemistry at the Centen. Meeting, Brit. Aw. Ad*. Science H 
, (Cambridge, Seller and Sons). 



141 


Formaldehyde, Alcohol , and Acetone Titrations. 

Hunt and. Brisooe (1999). * J. Phyv. Ghent,/ vol. 89, p. 1496. 

Hooter (1986). ‘ Tnn. Roy. Soo, Canada/ vol. 19, p. 1, sect. V. 

Levene and Hill (1983). 1 J. Biol. Chem./ voL 101, p. 711. 

Levy (1933). 4 J. Biol. Chem./ vol. 99, p. 767. 

Linderstram-Lang (1928). 1 Z. physiol. Chem./ vol. 178, p. 32. 

MaoFarlane (1931). * J. Chora. Soe./ p. 3212. 

MaoFarlane and Hartley (1982). * Phil. Mag./ vol. 13, p. 426. 

MiohaelU and Mlxutani (1924). * Bioohein, Z./ vol, 147, p. 7. 

-(1926). 1 Z. phye. Chem./ vol. 116. pp. 136, 350. 

Mixutanl (1925). 1 Z.'phye. Chem./ vol. 118, pp. 318, 827. 

Miyamoto and Schmidt (1932). * Univ. California Pub. Physiol./ vol. 8 . p. 1. 

Neuberger (1934). Private communication, 

Pring (1923). * Trane. Faraday Soo./ vol. 19, p. 705. 

Kehburg (1925). 1 Bioohein. J./ vol. 19, p. 270. 

Riohardton (1933). * Biouhem. J./ vol. 27, p. 1030. 

Sidgwiok (1927). Thi* Electronic Theory of Valency ” (Ojtford). 

Sereneen (1907). ‘ Bioohein. Z./ vol. 7, p. 46. 

Seruuen and Walther (1928). 1 Z. physiol. Chem./ vol. 174, p. 261. 

Van SJyke and Kirk (1938). 1 J. Biol. Chem./ vol. 109, p. 651. 

Waldachmidt-LeiU and Sohaffer (1926). 4 Z. physiol. Chem./ vol. 161, p. 36. 

WakUohmidt-Leitz and Ktlnatner (1927). 1 Z. physiol. Chent./ vol. 171, p. 70. 

Weber (1980). * Bioohein. Z./ vol. 818, p. 1. 

Wllktfctter and Waldaehmidt-LeiU (1921). 4 Ber. dent*, chem. Get./ vol. 64, p. 2988. 
Wright, H al . (1981). ' J. Chem. Soo./ p. 211. 

Wyman and MoMeekin (1933). 1 J. Amer. Chem. Sou./ voL 66, pp. 908, 015. 

Wynne-done* (1933). 1 Proc. Roy. Soc./ A, vol. 140, p. 440. 


143 


543-846062 

Critique on the Biological Estimation of Amino Nitrogen. 

By Osobob Maxwkll Richardson. 

(Prom the Biochemistry Department, Imperial College of Science and Technology, 

London, K.W.7.) 

(Communicated by C. R. Harington, F.R.8.—Received January 15, 1954.) 

For the estimation of amino nitrogen in complex fluid mixtures three typical 
methoda are available. These are (a) the nitrous acid method (Van Slyke, 1911, 
1912), (6) the formaldehyde titration (Sorenson, 1907 ; Malfatti, 1909 ; Liters, 
1920), and ( 0 ) the aloohol titration (Foreman, 1020 ; Willst&tter and Wold- 
sehmidt-Leits, 1921). Yet by general agreement none is entirely satisfactory. 

Method (a) is tedious in multiple determinations, is subject to fortuitous 
error from frothing, and from reduoing agents present in solution. It is known 
to give faulty values for glycine, cystine, tryptophane, arginine, lysine, and glut¬ 
amine (Schmidt, 1929 ; Plimmer, 1924 ; Chibnall and Westall, 1952), and for 
various peptides (see Thierfelder and von Cramm, 1919 ; Hopkins, 1929; 
Dunn, Butler, and Deakers, 1932). As discussed later, it gives a partial esti¬ 
mation of ammonia, urea and allantoin, creatinine, and the aminopurines. 
It is not influenced by proline (Van Slyke, 1911). Methods (6) and (c) have 
much in common. They are both rapid in use, but are of limited accuracy 
owing to a difficult end-point in oomplex solution, and of restricted scope since 
they must be confined to almost colourless extracts. Their quantitative 
defects are to be discussed, but the methods arc best applied serially only to 
solutions of closely similar chemical composition. As a final option, cokmri- 
metry (Harding and MacLean, 1916 ; Riflart, 1922 ; Foiin and Wu, 1922) is 
both too uncertain and too difficult to apply to chemically complex, coloured 
solutions. 

Methods (fc) and ( 0 ) were developed and applied originally t largely with the 
very specific purpose of studying enzyme and protein chemistry. It was 
natural, therefore, that the very considerable success they there achieved 
should have encouraged their adoption in estimating amino-N analytically, 
and the formaldehyde titration in particular has bog been applied to this end. 
Yet analogous extension of alcohol (or acetone) titration to this end is, from 
first principles, liable to serious-error. The consequent likelihood of frequent 
deceptive oonolusbos based on incautious application of these methods (and 
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already in evidence, Foreman (1928), Rahn (1932)) suggested the need of 
further study. Moreover, though alcohol and formaldehyde (NaOH) titrations 
are described in protein studies as estimating carboxylic groups, this is com¬ 
pletely incorrect as a general statement, since these titrations, applied 
analytically, measure amino groups (p. 129). Likewise, the Linderstrem- 
Lang acetone titration (1928), described as measuring amino groups 
actually measures acid groups. It has therefore been falsely applied 
to blood analysis by Zirm and Benedict (1931). Obviously, considerable 
confusion exists as to the principles involved. 

It has seemed timely, therefore, to examine critically a series of data obtained 
upon single biological extracts by each of the methods (a), (6), and (c), and to 
examine the ultimate bases of the methods. Conclusions have thereby been 
reached in such a way as to outline the proper scope of each method and the 
considerations which restrict its general use. 

Experimental. 

Preparation of Material .—A suitable raw material of considerable biochemical 
interest has been sought in the aqueous extracts of plant leaves, for obviously, 
no conclusion as to the primary synthesis of proteins and protein material 
can be attained without a degree of certainty as to the amino-N content of such 
material 

For general use a stock extract was prepared from young cocksfoot, which 
was rapidly dried, finely chopped, and thrice extracted by bringing to 95° 
with 10 volumes of water in a water bath. After filtration through muslin, 
the extract was evaporated in vacuo to a suitable bulk, one volume of alcohol 
stirred in, and the mixture centrifuged from precipitated protein and inorganic 
material (see “ alfalfa filtrate/’ Vickery, 1924). There was thus obtained a 
permanent stock solution containing relatively simple molecules. 3 kg. of 
dried grass yielded 8 a 4 litres containing 2 a 4 gm. total soluble N per litre (total 
soluble N = 0-67% weight of dried grass). For use 750 o.c. alcoholic stock 
were concentrated to small bulk to remove the alcohol, and made to a litre 
with water; successive preparations showed no significant alteration of amino- 
N (Van Slyke) content. 

For runner bean, broad bean, lucerne, and brussels sprouts extracts, fresh 
leaves were minced, and the cell sap pressed out in a Buchner press. Then 
protein material was denatured at 95°, filtered off on muslin, and the solution 
concentrated and stored under toluene. AH extracts had to be decolourised 
by the use of selected methods before titrimetrio analysis. 
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Method* of Analyeit.—Dit* recorded are the mean of oompanble duphoate 
analyse*. Total N was determined by the mioro-Kjeldahl steam-distillation 
technique, amino-N (Van Slyke) by the Van fllyke micro-apparatus (10 minutes 
reaction at 15-18°), ammonia-N by vacuum distillation from magnesia at 40° 
(Chibnall and Westell, 1932). Amide-N was determined as increase of 
ammonia-N after 2 hours hydrolysis in boiling N HjS0 4j peptide-N os increase 
of amino-N (Van Slyke) after 16 hours hydrolysis in boiling 5 N HgS0 4 . 
Nitrate-N was determined as increase of ammonia-N after reduction with 
acidified reduced iron (Vickery and Puoher, 1929). Ammonia present in the 
extract was, in general, not removed before analysis for amino-N. pg was 
determined at a Hildebrand hydrogen electrode freslily plated for each deter¬ 
mination. 

Titratable-N was estimated under a variety of conditions, but all estimation 
was on a micro scale comparable to the Von Slyke micro estimation. Titration 
followed arbitrarily standardized procedures suited to routine analysis in an 
ordinary laboratory. Therefore stock solutions consisted merely of ordinary 
40% formaldehyde, 95% alcohol, and CO t -free NaOH from protected micro- 
burettes. To minimize CO t contamination, titrations were rapid and small 
conical flasks were used to reduoe air spaoe. Indicator (phenolphthalein 
where not otherwise mentioned) was added as a 0*5% alcoholic solution, one 
drop per 5 c.c. To 2 c.o. of the relatively colourless solution for estimation, 
N NaOH was added to approximate the end-point, and the solution then 
titrated with 0*1 N NaOH to the first visible colour as compared with a blank 
of similar alkalinity. One volume of 40% formaldehyde or 10 to 12 volumes of 
alcohol were next added, and the solutions immediately titrated with N/35 
aqueous NaOH or 0 06 N 90% alcoholic NaOH, respectively, to a similarly 
defined end-point. End-points were often vague and of a masked colour, 
care always being necessary to reproduce in the colour blank any change of 
colour in the natural indicators of the extract. Nevertheless, estimations 
were generally possible to ± 9-02 c.c. Titres were finally corrected for tbs 
acidity of the added formaldehyde or alcohol (as estimated by a blank on 2 0.0* 
water) and are taken to represent titratable amino groups. 

Heoult*, 

As preliminary to the investigation. Table I gives the distribution of nitrogen 
in the aqueous cocksfoot extract, as prepared by removal of and dilu¬ 

tion, and in an extract of young, fresh broad-been leaves. It is apparent 
at onoe that aloohol titration has certainly included in considerable 
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wnw unknown substance not estimated in tho Van Slyke apparatus. To itadj 
thii discrepancy farther, however, it «u neoessary to possess mace quantitative 
data aa to the effect of decolourizing the extracts, since Tabic I presents titarat- 
able-N on deoolourued material, other data on original material. Where 
analyses are performed throughout on deoolouiized material, the disparity 
is even larger. 


Table 1.—Nitrogen distribution in the aqueous extracts. % total soluble N. 


Amino-N. 

Amid* Nitrate-Peptide Rent 

'S f Van Alcohol $ $ 

/o w tflyke Uwmtiun Tw ° 


Extract. 

Tout N 
(Km./litre). 

Cookftfuot 

I *84 

Broad bean 

102 




* After lead precipitation. 


Methods of Decolourizing the Extract. 

Decolouration by Dialysis.--It is generally considered that colour in leaf 
extracts is associated with material of high molecular weight. Separation of 
these larger molecules from smaller ones of more interest to analysis was 
attempted using the three compartment olectrodislysis method of Foster and 
Schmidt (1923). It was hoped that separation of the unknown titr&table 
material might likewise be effected. Unfortunately, effective migration 
necessitates dialysis from rather acid or rather alkaline solution in order to 
convert the neutral zwitterions to suitably charged ions, so that systematic 
errors may accrue from unsuspected hydrolysis, or again from oxidation or 
reduction induoed at either electrode. Nevertheless, some investigation of 
the trend of migration was desirable. 

The general technique of Foster and Schmidt was adopted with little ohange 
—wide carbon electrodes, cooling ooil maintaining 30° to 96°, CO a stream, eta. 
A. current of 1 to 1*2 amps., 210 volts was used. The centre compa rtme n t 
received 150 c.o. of the aqueous cocksfoot extract, the side compartments 
100 o.o. of distilled water. During any run, the p a of the extract was main¬ 
tained with 8 N figSOf at a definite red to thymol blue paper (oa. pn 1*3)* « 
with 8 N NaOH at a strong blue to thymolphthalein (oa. p B 10*5). Protein 
membranes wen not gumtaieab under these conditions, cellophane or parch¬ 
ment paper membranes being accessary. Incidentally, there was in the 
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•node compartment a definite odour of hypochlorites daring electrodialysis, 
even though the extract contained only its natural chlorides; in the cathode 
compartment, steady dilution was proceeding. At intervals during dialysis, 
the experiment was interrupted, the volume of dialysate measured, and an 
aliquot removed for analysis. 

It was found that deotrodialysis at 10*5, by which migration of amino 
acids to the anode might have separated them not only from the colourstuff 
but also from the inorganic bases, was quite impracticable. In a throe-hour 
cellophane dialysate, the anodic concentration of transported amino-N never 
exceeded quite a low value, although the colourstuff was already migrating 
in amounts seriously masking the titration end-point. Meanwhile, all traoe 
of some 15% of the original umino-N (Van Slyke) had been lost. Clearly, 
anodic destruction of amino groups, as implied by the presence of hypo¬ 
chlorites, was proceeding os they migrated. 



Fio. 1.— Rate of transport of avuiuo-N (Van Slyke and alcohol) p a about L*3. x aloohol 
titration; # Van Slyke. (a) cathode ; (b) centre ; (a) anode. 

Acid electrodialysis (p^ 1 *8) to separate amino groups and other bases from 
the colourstuff gave better, yet still insufficient separation. In fig. 1, a typical 
experiment through parchment paper is depicted, the ordinates representing 
total transport of amino-N. At the two-hour interval, the outer dialysatea 
were replaced by distilled water, os their titration end-points were already 
considerably masked by migration of the colourstuff. This migration of the 
colourstuff as an ampholyte removes any possibility of its separation from 
amino acids by electrodialysis, except perhaps by membranes of graded 
porosity. 

Acid stability of the extract was measured by controls at room temperature 
in both 0*1 N and N free HCL In 4 days, the ammonia bad increased by 16% 
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and 20% respectively, in 18 days by 25% and 45%. Amino-N (Van Slyke) 
underwent no significant change. Acid hydrolysis during an experiment will 
therefore not cause any significant error. In Table 11, the distribution of N 
in the ultimate dialysates (4*5 hours), corrected for removal of aliquots, is 

Table LL—Nitrogen distribution after clectrodialysis of cocksfoot extract. 


% original total soluble N. p H about 1 * 3. 



ToUj N. 

Ammonia-N. 

Amide-N. 

Amin 

Van 

Slyke. 

o-N. 

Alcohol 

titration. 

Anode compartment 

6 

0-5 

0-0 

1*3 

2*2 

Centre compartment ... 

32 

0-4 

2*7 

7*2 

7*7* 

Cathode compartment. . 

43 

4-4 

2*4 

20 

32 

Total. 

m 

0-3 

5-0 

23*0 

42 

Original . 

100 

r»-s 

7*2 

31 

42* 


* After lead precipitation. 


recorded. Electrodialyms from acid solution has thus resulted in the trans¬ 
ference to the cathode of the bulk of the ammonia-N and the amino-N t but of 
only about one-half of the total N or amide-N. The residue is presumably of 
large molecular size, or is un-ionized at the p a of dialysis. 

Because of the slow and incomplete transference of amino-N, the partial 
co-transference of the oolourstufiE, and the possibility of acid hydrolysis in 
certain extracts, electrodialysis is not reoommended in routine analyses unless 
more extensive investigation can be made. The material measured by alcohol 
titration but not by Van Slyke analysis is transferred by eleotrodialysis as 
a base. 

Decolouration by Adsorption .—Attempted adsorptions of the oolourstuff 
upon kaolin, kieselguhr, doucil, silica gel, aluminium silicate gel, powdered 
and freshly precipitated alumina gave unpromising results. Satisfactory 
decolouration was obtained with norite charcoal, and details appear in 
Table HI. 

20 o.o. of aqueous cocksfoot extract were mixed with suitable amount of 
HC1 or NaOH and the p^ determined. 1 gm. of norite was stirred in, centri¬ 
fuged, two subsequent 1 gm. norite additions made and the whole centrifuged. 
The charcoal residues were twice washed and the washings mixed with the 
supernatant fluid, which was then analysed. Satisfactory decolouration did 
not occur in the neutral or the rather gelatinous alkaline solutions. At 
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Pb 2*8 th«n vu partial decolouration, and at p B 1*1 admirable decolouration, 
even with 2 gm. norite in hot solution. No particular oare was observed in 
reproducing the technique, but the results show a general loos by oharooel 
addition of 40% of total N, and 26% of amino-N, irrespective of the extent of 
decolouration. Since the extent of adsorptive loss is thus high, whereas 
decolouration is restricted to strongly arid solution—always a latent cause of 
hydrolysis—no other experiments using closer controls were attempted. It 
is interesting to recall that Bang’s belief (1916) that smaller losses are obtained 

Table III.—Decolouration by adsorption on norite. N of treated extracts 


given as % original total soluble N. 


i 




Amino-N. 

PH- 

gm* norite 1 * 

Colour* 



Alcohol 

titration* 

M 

I 

i Brown 

(100) 

SO 

(31) 

2? 



2 

Pale brown 

74 

26 

41 


i 

| Pale yellow 

68 

23 

as 

II 

2 

1 ** 

— 

26 

43 

(warm) 

28 

a 

1 

Palo brown 

62 

24 

37 

4-4 

3 

Brown 

57 

23 

—. 

5*8 

3 

M 

86 

28 

— 

8 

3 

M 

63 

22 

— 

10 

8 

’’ 

60 

22 

— 


by charcoal adsorption from 20% alooholio solution is due rather to the 
beneficial effect of alcohol on his formaldehydo titration—of whioh it was an 
early demonstration—than to auy intrinsic effect on adsorptive loss. It is 
found finally that the source of the discrepancy between alcohol and Van 
Slyke estimations has not been removed by adsorption. 

Deedouration by Bleaching .—Excess of Na|S|0 4 produced only partial 
decolouration. NaOCl reacted as would be expected (Langheld, 1909) with 
considerable effervescence and decolouration, and progressive rapid loss of 
amino-N. H,O t also reacts destructively with amino-N (Breinl and Baudisoh, 
1907). 

Decolouration by Precipitation .— Addition of BaOl, or baryta in aqueous or 
60% alcoholic solution gave ineffective decolouration. Decolouration by 
AgNO„ combining the effects of precipitation, and of adsorption on AgCl, 
was also unsatisfactory. Decolouration by lead acetate waa effective within 
a controlled Ph range. 
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Sorensen and Hansen (1907) suggested precipitating AgC'l from acid solution 
in eitu as an admirable method of decolouration without N loss. We have 
applied it to the cocksfoot extract at p H 0*6, 1*1, 2-6, 4-7, and 8 using the 
specified concentrations of BaClj (0* 18 N) and successive additions of AgNO, 
(up to 0*13 N). Acidification itself caused some precipitation and decoloura¬ 
tion, which was extended by BaCl a addition and again by each successive 
AgNOj addition. Optimum conditions were at p R 2*6; decolouration at p H 
4*7 and 8 was sensitive to smaller additions of AgNO t , but was accompanied 
by bulkier precipitates and greater loss of amino-N. Yet no decolouration of 
the brown solution further than to a clear yellow was possible, aud this was 
accomplished with loss of at least 10% of amino-N (Van Slyke). There thus 
appeared to be no special advantage attaching to this method. 

The use of lead acetate and basic lead aoetate as colour precipitant* haa long 
been an established technique, but any control of p a appears to have been 
merely automatic depending on the use of the neutral or the basic salt. Britton 
and Meek (1932) have shown that interaction between lead acotate and NaOII 
occurs within the p' a limits 6 to 8, and that precipitation is not incipient until 
nearly two equivalents have been added. From their data, basic lead acetate 
(0*01 N) may be seen to have a pg of 7*4, and lead acetate a p H of 6*9, whilo 
at any other p a the ratio of neutral salt, basic salt, and hydroxide may be 
determined. Therefore mixed lead acetate salts, appropriately neutralized 
by this procedure, were added to grass extracts of known pn, and the effective¬ 
ness of decolouration at any p n observed. As general procedure, 4 c.c. of 
saturated (2 N) lead aoetate solution were added to 26 c.c. of the grass extract 
with oorrect neutralization, made up to 40 c.c., and allowed to stand about 
30 minutes. The flocculum was centrifuged off, the supernatant liquid 
acidified acid to p n 4 and treated with HjS. The black PbS precipitate was 
centrifuged off, the supernatant liquid measured for volume and analysed. 
Where the H|S treatment produced a browning of the solution, this colloidal 
suspension was removable by adding a little lead acetate and re-precipitating. 
As precipitates were not washed at this stage, calculation was made on the 
assumption that the total solution volume after decolouration was equivalent 
to the sum of the added volumes. The small systematic error thns introduced 
(6 to 10%) was corrected away by standardizing the mean data for p H 6*6 
to 6*0 against the data of Table V obtained with washed preaipitates. 

Remits are tabulated in Table IV. The p B values quoted '* 6*3 to 6*8 ” 
an calculated value* resulting from the direct addition of lead acetate (pg 6*9) 
in varying concentration to grass extract (p H 4*8) without pn adjustment, and 
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are included just to show the effect of lead oonoentration. Increasing lead 
concentration produced progressive loss of colour and of total N, but maximum 
loss of amino-N was reaohed even in the diluter lead solutions. This was true 
of both lead acetate and of basic lead acetate {p K 7*4). decoloura¬ 

tion in 0-2 N lead solutions occurred (with constant nitrogen loss in this case) 
in the p H region 6-8 to 7-4. It may be fortuitous that this is the p n region of 
lead acetate—basic lead acetate mixtures, but acid regions where basic lead 
acetate does not exist or alkaline regions where lead acetate does not exist 
(and the extracts are too gelatinous for reproduoible precipitation) were 


Table IV.—Decolouration by lead acetate preoipitation. N of treated extracts 
given as % original total soluble N. 









i Amino-N. 


Reagent. 

Lead 

Dry wt. 

Final 

Final 

colour. 

Total 

N. 



PU- 

cono. 

Pb ppt. 

vol. 





<N). 

(gm.). 


Van 

Alcohol 








Klykr, 

titration. 

20 

HNO t 

0*2 

1*86 

36 

Yellow* brown 

(100) 

(SI) 

SI 

51 

3*3 

Hno* 

0*2 

— 

88 

•» 

79 

33 

49 

3*5 

HAr 

0*2 

1*70 

32 

88 

31 

48 

4 0* 

HCIOg 

0*2 


33 


76 

28 

47 

5*3 



0-0« 

0 80 . 

— 

Brown 

86 

20 

46 


l - 

J 

0*12 

0-80 

— 


82 

20 

43 

5-8 

j 


°.1U 

008 

— 

Yellow- brown 

80 

26 

44 

J 


0*3 

1*34 

—- i 

Yellow 

78 

26 

.48 

R-a* 

- 

0-2 

0*94 

34 

M 

09 

26 

42 

5*8 | 

NaOH 

0-2 

0 95 | 

31 | 

V. pale yi-How 

71 

27 

44 

5*8* 

** i 

0-2 

— 

33 

M 

71 

24 

41 

8*0 

M 

/O-l 

0*85 

30 

II 

74 

26 

43 

\0-2 

0*87 

28 

II 

76 

26 

42 

0*5 

l* 

0-2 

1*01 

27 

II 

— 


39 

7*0 ; 

II 

0*2 

1-19 

27 

II 

73 

26 

36 




0*07 

0*27 


Bmwn 

88 

27 

40 

7-4 



0*1 

0-61 

- - 

•i 

82 

27 

40 

II 


0* IS 

0*02 

— 

Yellow 

77 

37 

36 




0*2 

— 

31 

Pale yellow 

72 

| 26 

39 

0*5 



0*2 

— 

30 

ii 

75 

27 

30 

II 

0*2 

0*13 

31 

Yellow-brown 

85 

1 25 

35 

0*8 

II 

0*2 


29 

ti 

70 

27 

42 


certainly not so effective for decolouration. Preoipitation at p H 6-8 is pre¬ 
ferred, sinoe dicarboxylic amino acids are precipitated at p a 7*4 but not at 
6*8. The presenoe of up to 20% of alcohol until after preoipitation (experi¬ 
ments marked *) did not influence the general conclusions. In of 

Table I, the unknown titratable material is not removable by lead acetate 
precipitation. * 
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Conclusion *'—Of many methods tried, satisfactory decolouration of cocksfoot 
extract for titration was obtained only by norite adsorption and lead acetate 
precipitation, p^ optima for those decolourations occurred at p a 1 in the 
former, p B 6 in the latter. Loss of total N or amino-N (Van Slyke) accompany¬ 
ing these decolourations was 40 and 25%, or 27 and 17% respectively. Tile 
lead acetate method also has the advantage of removing phenolic and phosphorio 
groups capable of interfering in the titrations (see later). The AgCl precipita¬ 
tion method gave no complete decolouration, and a loss of 10% amino-N (Van 
Slyke). By eleotrodialysis methods, amino groups migrating to the anode 
compartment underwent destruction. 

The Alcohol Titratable Material. 

It has become clear that there is present in the extract in considerable 
quantity some material which in estimated by alcohol titration but not by 
Van Slyke analysis. It is found that the substance is not adsorbed or precipi¬ 
tated by the usual clarifying agents or by 50% alcohol, and migrates under acid 
electrolysis as a base. It therefore becomes of first importance to ascertain 
whether the result is due to a nitrogenous base, and if so, to amino-N not 
estimated by Van Slyke analysis. 

Fractional Precipitation .—The technique of the fractionation of aqueous 
plant extracts into nitrogeneous Bub-groups has been described by Vickery 
(1924), and has been followed in principle here. Detailed description is not 
given as results did not have the relation to the investigation that was 
anticipated. The procedure was to treat litre quantities of the stock 
aqueous extract progressively with lead aoetate, Neuberg’s reagent, and phoa- 
photungstio add, and analyse the resulting fractions (after removal of the 
reagents) for total N, amino-N (Van Syke), and amino-N (alcohol). Only 
those fractions which contained the titratable unknown (the supernatant liquid 
—“ filtrate ”— in all oases) were further fractionated. All precipitates were 
removed on the centrifuge and washed at least three times. Concentration of 
the solutions after fractionation and removal of the reagents was carried out 
at 40° in vacuo until suitable nitrogen concentrations for mioroanalysis were 
obtained. Total N on all filtrates subsequent to Neuberg fractionation was 
determined by Puoher, Leavenworth, and Vickery’s method (1930) to include 
nitrate-N. Lead aoetate used for deoolouration waa added in the proportions 
defined above, at a p B yellow-orange to methyl red (oa. 0-8). Titration of 
phosphotungstic acid filtrates after attempted removal of the acid with baryta 
er amyl aloohoLether was impoanble owing to a masking blue a l kal in e oolour. 
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It was readily accomplished, however, after a further lead acetate precipita¬ 
tion. 

Analytical data for two of the fraotionationa are presented in Table V. 
The fig ur es give only the general trend of nitrogen distribution, as repro¬ 
ducibility would require considerable experience of the lengthy precipitations 
involved. In particular, it seems that original material has been consistently 
lost on the precipitates discarded during the manipulation (Table V includes 
the careful analytical data of Vickery (1924) for alfalfa as a partial check on 
these losses). Yet in spite of this it is at least clear that the titratable unknown 
is neither an amino group precipitable by the Neuberg reagent, nor a nitro¬ 
genous base precipitable by phosphotungstio acid. Of the material, some has 
been lost in the lead acetate preoipitate (the bulk of whose nitrogen is of quite 
unknown chemical type (Vickery and Vinson, 1925) and was not traced owing 
to the intense masking colour. Yet in the main, the material simply escaped 
precipitation entirely. 


Table V.—Distribution of nitrogen after group fractionation. N given as % 
original total soluble N. Italics = data of Vickery for alfalfa. 



Total N. 

Amino-N (Van Slykc). 

Amlno-N 

(alcohol 

titration). 

(MglnalN. 

100 



31 


36 

co. 54 — 

N of lead precipitate 

12 

— 

n 

3-4 

— 

5 4 

CO. 12 — 

„ lead filtrate . . 

72 

_ 

85 

26 

— 

29 

42 — 

„ Neuberg precipitate 

52 

51 

58 

26 

20 

25 

28 28 

„ Neuberg filtrate. 

15 

11 

24 

1 

1 


8 0 

„ PT odd precipitate . 

2 

5 

— 

O 

0*1 

— 

0 0 

„ PT acid nitrate 

__ 

7 

— 

__ 

0*4 

— 

— 8 

„ Anal lead filtrate ... 

— 

8 

— 

— 

0-6 

— 

— 6 


Weak Acids, Vrddes, etc .—Although the alcohol titration technique is con¬ 
sidered to be sensitive only to basic groups, partial estimation of weak 
acids snob as phenols and certain ureides is not excluded (p. 129). It 
can be expected where any monovalent acid is being titrated against a 
multivalent acid indicator (e.g., phenolphthalein) of similar pa range. In 
Table VI, the magnitude of the partis! titration—using phenolphthalein (p.p.) 
Pa 8*0, or thymolphthalein (hp.), pa 9*8—of suitable acids in 0*05 M solution, 
is indicated. p v ▼slow ore quoted from the inadequate literature, and are 
approximate only. Chlorogenio acid was from coffee beans, hydantoin and 
uadi were kindly supplied by Pro fe ssor C. R. Harington and Dr, H. E. Ing, 
other samples were commercial products. The increase of titre by alcohol 
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addition is most clearly demonstrated when the acid is monovalent and when 
the indicator change-point occurs on the acid side of the group titrated. 

The water soluble phenols most commonly discovered in plants (Wehmar, 
1931; Link and Walker, 1933) are g&llio, salicylic, chlorogenic, and proto- 
catechuic adds, catechol, and quinol Considered from our viewpoint, gallic 
acid is destroyed in alkaline solution too rapidly for titration, salicylic acid is 
too weak (p^ 13) and chlorogenic add somewhat too strong (Table VI) to be 
titratable. Of acid urddes found to occur, allantoin, xanthine, theobromine, 
and thdophylline may be presumed titratable, but only the first was suffidently 


Table VI.—Estimation of weak adds by alcohol titration. Titres given as 
% one equivalent. Procedure exactly as for amino-N. 



Molarity. 

(weak). 

NaOH titre 
(aqoeoua). 

Incroaae NaOH titre 
(in 85% alcohol). 

To p.p. 

To t.p. 

Top-P- 

To t.p. 

Carbonic add . 

■fim 

10-2 

l 

112 

0 

0 

Qrtiwhol 


9*5 


50 

50 

20 

Uradl . 

m WBi, 

9-5 


50 

70 

40 

Hydantoin 

iHl ! !f 

91 


65 

60 

30 

Protooatoohmo add 


0*0 

128 

175 

15 

5 

AHantotn. 

iSia ! l Mwl 

8-9 

40 

80 

45 

13 

Cttongenlo add . 

006 

8-5 

ISO 

107 

25 

2 


soluble in water for examination. Hydantoin and uradl were other soluble 
add urddes. These urddes, titrating definitely in alcohol, gave no positive 
formol titration. HCN, finally, is another weak add occasionally found in 
plants, whose behaviour has been examined by Ringer and Grutterink (1926). 

The distribution of such substances during the fractionations above should 
now be considered. They would remain in the oentre oompartment under add 
eleotzodialysis, unless ooupled as an ampholyte with some bade group when 
they would migrate to the cathode. In the group fractionations, the phenols, 
except quinol, were preoipitable by lead acetate ; but the oroides examined 
were not so predpitable. The phenols, except quinol, were predpitated by 
mercuric acetate with or without addition of sodium carbonate as for Neuberg 
predprtation (quinol was oxidised under Neuberg’s conditions); the oroides 
gave a cloudiness, soluble in excess, but were predpitated on addition of 
carbonate; in a quantitative test on allantoin almost complete precipitation 
was obtained. Phosphotungrtio add has been found an effective predpitant 
for purines, pyrimidines, and glyoxalines where these have been tested (Drum- 
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mood, 1918; Peters, 1930). Consequently it is clear that neither phenols nor 
amides could have been present in the final filtrate of the group fractionation 
to induoe the excessive alcohol titre found there. On the other hand, phenols 
might well be a factor in the excessive titre of the material precipitated by lead 
acetate. Eleotrodialysis has thrown no light on the matter because of the 
neoeesary lead precipitation of the undialysed residue. 

Finally, by carrying out a phoephotungstio acid precipitation directly upon 
the aqueous cocksfoot extract, and examining the fractions after lead decoloura¬ 
tion, it was again confirmed that excessive aloohol titre was not due primarily 
to basic or ureide material, nor to phenols. 

Acid Hydrolysis .—Hydrolysis in B N HgS0 4 for 16 hours, followed by removal 
of NH, with NaOH and of Na,S0 4 with alcohol, concentration and decoloura¬ 
tion by lead acetate, gave no indication of the cause of the excessive aloohol 
titre. Nitrogen figuree corresponding to 30% of the original total N as amino- 
N (Van 81yke), and 46% as amino-N (alcohol) were obtained after hydrolysis, as 
compared with 26% and 42% for decolourized extracts (Table V) without 
hydrolysis. 

Titration of Ashed Extracts .—By process of elimination it was now increasingly 
clear that the bulk of the excess aloohol titration must be due to inorganic 
material. Data of Britton (1932) on the titration of salts with alkalies pointed 
either to magnesium salts or to alkaline aluminates as a source of the trouble, 
the alkaline earths being too basic to interfere. In direct aloohol titrations of 
these salts, no sharp end-points could be obtained since the precipitated solid 
phase hindered rapid attainment of equilibrium. Yet it was soon shown 
that alkaline earth salts did not interfere, that alumina titrated to no more 
than 5% after addition of aloohol, and that magnesium salts wen titrated 
to about 75% (p.p.) or 86% (fcp.) by the adopted aloohol titration teohnique. 
It was therefore to be expected that the so-called “ amino-N ” determined 
by aloohol titration would persist in part in an ashed extract. 

Aliquots of the stock cocksfoot extract were ashed, the ash dissolved in 
approximately N HC1 (or HNOg), and titrated. Alcohol titres of ash “ amino- 
N ” corresponding to 10’6% (and 11%) of the original total N were obtained. 
This compared with an average figure of 16% fur the excess aloohol title 
(Tables IV and V) so that most of the excess wee oertainly due to inorganic 
material Indeed, if the magnesium of the dissolved ash wen precipitated 
as magnesium ammonium phosphate, an estimate of 0*31 gm. magweacyn 
per litre extract was obtained, corresponding in terms of “ amino-N ” to 
exactly 14*5% of the total N. Total ash amounted to 7‘9 gm. per litre, or 
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450% of the total soluble N. In another example—an aqueous extract of 
perennial rye-grass containing ash as high as 1600% of tire total soluble N— 
“ amino-N ” titres on the ash equivalent to 30% of original total N were 
obtained. Ashed extracts gave no formaldehyde titration. 

Soluble Magnesium .—Since there is now strong evidence that the excess 
alcohol titre is due in very large measure to soluble ma gnesium, it is necessary 
to demonstrate that any chosen extract contains sufficient ma gneainm to 
aooount for the excess titre. Several different leaf extracts were selected, 
clarified with lead acetate or norite, and concentrated to a given volume. 
Aliquots were taken for nitrogen analysis. The remainder was ashed, dis¬ 
solved in acid, and analysed for magnesium by precipitation of magnesium 
ammonium phosphate. Estimated magnesium was assumed to be equivalent 
14 76 

to — - — x jog (= 0-86) parts by weight of “ amino-N." It should be 

noted that the estimation of magnesium by alcohol titration is the ordinary 
behaviour to be expected of it as a base, and correlates perfectly with the 
zwitterionio interpretation of the aloohol titration of amino acids as a titration 
of b asi c groups. The titration is incomplete beoause m* gnamnm is too strong 
a base for satisfactory titration by the procedure standardized for these 
experiments. Although precipitation occurs during titration, titration is not 
intimately dependent upon it. This viewpoint is much more consistent titan 
that of Willstfttter and Waldaohmidt-Leitz (1923) who, finding that their 
method, believed to titrate acid groups, is able also to titrate magnwnnm, 
consider this to be due to complete insolubility of Mg(OH) a in the solvent 


Table VII.—Correlation of magnesium content with excess aloohol titre. 
Data given as weight % of amino-N (Van Slyke) of treated extracts. 




H ir 

Aloohol 

Extract, 

Magnet lam. 

equivalent 

titration 


of Mg. 

" N." 

Gockafoot extract, treated with PbAc,. 

65 

66 

mm 

Ouetaftwi extract, treated with norite . 

Vlehtty'* “ alfidfr filtrate,” treated with PbAo, 

73 

63 


I 90 

60 


Laooroe III, treated with PbAc, . 

1 66 

46 


Bmd bean II (dried leaf), treated with PbAo, 

j 40 

46 

mm 


ttMde VII depicts the results. The alfalfa filtrate was an original sample 
kindly supplied by Dr. H. Vickery. In only one extract of the five was them 
distinctly insufficient " ia g n — 1 T rt "ir to aooount for the observed i ncr eas e of 
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alcohol titre above the ideal 100%. This extract was a broad-bean extract, 
notable for the appearance of masking colours during titration, rendering the 
end-points uncertain. Nevertheless, more extracts should be exa m ined to 
establish surely that sufficient magnesium always occurs in an extract to 
account for the excess alcohol-titratable “ uinino-N.” 

Comparative Titrations. 

Numerous min or modifications of the two titration principles quoted in the 
introduction are to be found. Careful consideration is required before these 
may be applied indiscriminately. Most frequently, these modifications have 
been based on evidence afforded by titrating pure solutions of single ammo 
acids from their isoelectric point in water to some different chosen end-point 
after formaldehyde or alcohol addition. This can afford a true control only 
when working conditions are such that the titration is made from an indicator 
approximating to the isoelectrio range of amino acids in water to some different 
ohoeen end-point after formaldehyde or aloohol addition. 

Such methods have been used with the formaldehyde titration by Henriques 
and Sarensen (1910) using litmus paper and phenolphthalain (p.p.), and by 
Lifers (1920), Qrttnhut (1919), and Northrop (1926), using neutral red (n.r.) 
and p.p.; Tillmans and Kieegen (1927) have used n.r. and thymolphthalein 
(t.p.) for the aloohol titration. The methods necessitate, as confirmed by the 
authors, complete removal of phosphates, carbonates, and any other groups 
titrating partially between p a 7 and 9, whioh would otherwise be included in 
the titration. Ltters, especially, by his carefully applied formaldehyde 
method, obtains data for cereal extracts in which the interference can be 
clearly seen, as aqueous litres between n.r. and p.p. in the untreated extract 
are often larger than the total formaldehyde titre (between n.r. and p.p.) in 
the phosphate-free extract. Likewise, the two-indicator titrations of Harris 
(1923) from t.p. in aloohol back to mj. (methyl red) still in aloohol is liable to 
interference, not only from phosphates, etc., but even from overlapping of the 
weaker carboxylic acids. 

To avoid interference by phosphates, etc., many workers prefer to use only 
one indicator, titrating to it first in water, and then again after addition of 
formaldehyde or aloohoL Wh ere this is done, no clai m as to quantitative accuracy 
based on the titration of single amino adds as above can be made, as it has no 
reference to working conditions. This inherent defect should not be forgotten 
if applying analytically such methods as the formaldehyde methods of Mai* 
fotti (1909) and Cole (1926), or the aloohol methods of Foreman (1920) and 
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Grattm&nn and Heyde (1929). Nevertheless these titres will bear an approxi¬ 
mately constant ratio to true aminO'N, whereas two-indicator methods will 
vary fortuitously according to the presence of phosphates, etc. A more 
detailed discussion of these ©Sects is given later. In the meantime, the great 
diversity of conditions which have been used is illustrated in Table VIII by 
a rfeuml of some of the methods used in biology. 


Table VIII.—Res umd of Methods. 



■ 

Reagent 

Indicator 


Final 


Author. 


(concentration 

(conoontratiou 

Initial 

PH 

Alkali. 

extract. 

before 

before 

Pa. 

(apparent). 



titration). 

titration). 




One-indicator titrations— 


Matthttf (1909) . 

10 

CH,0 till 

midmnm 

titre co. 8% 

p.p. 

First red 

First red 

Foraman (1920) . 

A 

(10) 

0 

86% alcohol 

0-0011% p.p. 

Fintred 

First red 


70% alcohol 

0*0009% p.p. 

First red 

Flret red 


(10) 

in 



Qfununn and Heyde 

0-2 

9-6% CH.0 
90% alcohol 

0-004% t.p. 

Clear blue 

Clear blue 

(IW9) 





N/14 NaOH 

0*1 N ale. KOH 
0-1 N ale. KOH 

0 01 N ala KOH 


Twhindioator titrations— 


Hanriqore and Jferenaen 
(1910) 

W 

11% CH,0 

/ Utmoa paper 
\0-0033% p.p. 

8-8 (spot) 

Co. 9*0 

i 

j 

. 0*2 N NaOH 

Ltea (1920), GrOnhut 

(1919) 

} «t 

8% CH,0 

/0-00i% n.r. 

10'0037% p.p. 

7-1 

9-2 

1 

j 

> 01N NaOH 

HartU(19i3) . 

5 

80% aleohol 

j t.p. 

1 nu. 

Pale blue 

6-4 

1 

J 

. (0*1 N HO) 

Northrop (1026). 

6 

8% CH,0 

j n.r. 

V0-004% p.p. 

w. 7 

8-6 

1 

j 

f> 0 01N NaOH 

TUlaaai and Kletgen 
(W27) 

} 5 

86% alcohol 

/ n.r. 

\0-0086% t.p. 

7 

Pint bine 

j. 01N NaOH 


* —PO|, —OOji and NH, free. 


t —PO* and —CO, free. 


Owing to this diversity of method, it was desirable to compare the applica¬ 
tion of typical methods to complex material under identical conditions. 
These titrations were therefore conducted under the following standardised 
conditions: Formaldehyde titration from the Mowing end-points in water 
to the same end-points in 9% CH,0 (9% at end of titration): (a) co. ft 7*5, 
mid-point of 9*001% n.r.; (6) ft 8*4, first definite oolour of 0*001% p.p.; 
(«) ft 9*4, first definite oolour of 0*01% tip.; from these titres, the title, nx 
(aq.) to tip. (formaldehyde), was also determined. Aleohol titration from the 
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p.p. and tip. end-points in water to the same end-points in alcohol (85% at 
end of titration), and from the t.p. end-point in 80% alcohol to a m.r. end¬ 
point (first redness, p^ 8*0) also in 85% alcohol. Fomuddehyde-aleoM titra¬ 
tion from the p.p. end-point in water to the same end-point in 3% CH,0-75% 
alcohol (% at end of titration). Indicator concentrations were maintained at 
0-001% p.p. and t.p., and 0-0015% m.r. where not otherwise mentioned. 

Thymolphthalein in the Formaldehyde Titration .—Sorensen (1907) was only 
able to use thymolphthalein in the presence of formaldehyde if at least 13% 
alcohol was also present. Foreman (1928) has discarded it entirely. From a 
farther examination it is found that tip. is slowly (10 minutes) but completely 
precipitated by formaldehyde from any aqueous solution not alkaline to pa 11. 
The effect is reversed by heat, by concentrations of alcohol above 12%, or by 
organic solvents in general. Comparable precipitation by formaldehyde is 
not observed with thymol blue, phenolphthalein, or other phthalein or sulphon- 
phthalein indicators. tip. may give approximate results in tho formaldehyde 
titration if the technique is sufficiently rapid. 

Titration Results .—In Table X comparisons using these representative 
methods on a series of leaf extracts have been made. Great refinement was 
regarded as superfluous, since no tdtrimetric method can be specific and yet 
quantitative for amino-N. The titrations were carried out as described with 
ordinary titrimetric care. As an example, full data for a runner bean extract 
an given. 25 c.o. of the coloured extract, containing 42 mg. total N, and 
12*5 mg. amino-N (Van Slyke), were brought to p B 5-8 and decolourised by 
addition of 4 c.c. saturated lead acetate, etc. After removal of lead, and 
washing, 33 o.c. of very pale yellow extract were obtained. 2 c.o. samples of 
this extract wen taken and estimated. Details are given in Table IX. 

The end-points with n.r, and m.r. wen very poor, as the divergence in 
duplicate titrations shows, while data with tip. an at best only approximate. 
For these reasons, titrations other than those to p.p., an quoted in Table X to 
the nearest 5%. Titrations with broad bean wen always obscured by the 
appearance of bro w n colours in alkaline solutions. 

Nevertheless, certain main features of the comparisons an quite out¬ 
standing. For instance, the for m alde hy de titration with tip. as an 
is consistently little more than half as large as with p.p. as indicator. With 
mr., the titration is about 90% as large. With the two-indicator titration, 
mr.-tip., titrations wen about 120% as large as the p.p. titration. Tip results 
did not show much fortuitous variation due to phosphates, etc., as these had 
been precipitated as lead salts. The aoourecy of the latter estimation is 
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Table IX.—Details of amino-N determination in runner bean extract. 

Yon Slyke estimation: 1-04 c.c. nitrogen (corrected for blank) at 17° and 
760 mm. = 0*60 mg. amino-N per 2 c.c. 


Aqueous 

title 


amino-N 


title Titr© Roagent Corrected vr amino-ft 

lBdlcmt0r * (c.c. N iocroaae. hUnV. Jncreeae. {Van 

N.OH). p«2c.c. dyk,,). 


Formaldehyde titration. 2 c.e. 40% formaldehyde per 2 c.c. aliquot. 




c.c. I -01 N/MNoOH. 1 

_A_ 


D.r. 

oa. 0-28 { 

2*301 
2-40 J 


1*3 

-> 

105 

0-42 

P*P* 

co. 0-29 { 

2-601 
2-62 J 


1*4 

121 

0-49 

t.p. 

ca. 0-31 { 

2-201 
2-26 J 

^(rapJd) 

1*6 

002 

0-23 

ax.-t.p. 

- { 

3-031 

3-10j 

^(rapid) 

1-0 

1*47 

0-60 


Alcohol titration 25'c.c. 95% alcohol per 2 c.c. aliquot. 




c.c . 0*051 N alcoholic NaOH. 

_A_ 


P-P* 

at. 0-20 ^ 

i 42\ 

1*46/ 

017 

i 

1-27 

0-01 

t*P* 

eo.0-31 ^ 

105\ 

110/ 

0-22 

0-85 

0*01 



0 . 0 . 0-049 M .looholto HQ. 

_A_ 



- { 

i-7-> 

1-8/ 

0-22 

1*53 

1*00 


Fomalde ky de-aleohol titration. 20 c.c. 95% alcohol per 2 o.o. aliquot. 

I I c.c. 0 081N alcoholic NaOH. I I 


p-p. ea. 0*S8 {| };“} 


013 1*22 


20 c. 0 . 95% alcohol -f- 2 c.e. 40% formaldehyde per 2 o.c. aliquot. 


p.p« oa. 0-20 


{| ts> 


1*06 1*23 
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reduced, however, by the difficulty of the orange and greenish end-points. 
If sufficient material is available, this titration is more conveniently performed 
on aliquots, the first to n.r. in water, the second to t.p. (p.p.) in formaldehyde. 
The formaldehyde (p.p.) titration estimates in decoloured grass extracts about 
95% of their amino-N (Tan Slyke), in bruasels sprouts 85%, and in legumes, 
variable but generally 70 to 85%. Whether the individual variations are due 
to errors of the Van Slyke or the formaldehyde method has not been ascertained, 
but the evidence is undoubtedly that general magnitudes by the Tan Slyke 
method are reproduced by the formaldehyde (p.p.) method. 


Table X.—Comparative determination of amino-N in leaf extracts. Titres calculated as % 
of amino-N (Van Slyke) of treated extracts. 



| Amino-N 

1 (Van Slyke) 

Formaldehyde titration. 

Atoohoi titration. 

Formalde¬ 

hyde 

aloobol 

Extract, 



1 

. 





(mg. per 



t.p. 

n.r.- 

p.p. 

t.p. 

t.p.- 

titration 


2 c.c.). 

n.r. 

p.p. 

1 

t.p. 

m.r. 

P-P- 

Cocksfoot, lead filtrate 

008 

80 

06 

55 

110 

169 

100 

ISO 

108 

(teekxfoot, Nenborg precipitate ... 
Cocksfoot, Nenbenr filtrate 

Cocksfoot, norite nitrate, px 1* 1 ... 

| 'iiHH 

iiwr TBP 

80 

91 

95 

85 

115 

108 

1000 

00 

1400 

100 

3000 

116 

urn 

SB* 

1 “ 

90 

— 

— 

158 

— 

— 

— 

Cocksfoot, norite filtrate, pn 2 8 

0*62 

— 

101 

— 

— 

152 

— 

— 

— 

Laorme I, lead filtrate 

0-38 


85 

_ 

_ 

260 

_ . 

_ 

205 

Locarno (I, lead filtrate 

Loosne IQ, lead filtrate 

0-52 

— 

71 

00 

125 

300 

360 

400 

300 

0-09 

_ 

73 

— 

— 

141 

— 

—. 


VickmyV u alfalfa filtrate,” lead 










filtrate . 

1-40 

— 

103 

— 

— 

183 

— 

— 

— 

Broad bean I, lead filtrate 

1*09 

70 

82 

40 

105 

08 

10 

105 

103 

Broad bean U, lead filtrate 

0-84 

_ 

75 

— 

— 

104 

— 

— 

_ 

Broad bean III, lead filtrate 

0-72 

— 

01 

— 

— 

151 

30 

100 

151 

Banner bean, lead filtrate ... 

k r *lls| 

70 

S2 

40 

100 

100 

100 

170 

140 

Bnusals sprouts, lead filtrate.. 


9° 

88 

45 

110 

182 

100 

210 

187 

Ni malate (% 1 equivalent) . 

1 wm. 

— 


_ 

._ 

_ 


20(60) 


Ns succinate (% 1 equivalent) . 

HI 

—* 

—* 


—' 



00(90) 

— 


This is not true of titrations using large concentrations of alcohol. In the 
alcohol and the fomaldehyd&vlcohol titrations analyses varying fortuitously from 
the Van Slyke figures by 100 to 350% are obtained. The‘belief that these 
variations are due to magnesium is still further strengthened by their nature, 
firstly because they are not removed by norite or lead acetate and are not 
precipitated by Neuberg’s reagent, but are greatly magnified in the filtrate 
therefrom (the low amino-N (Van Slyke) of this filtrate makes the percentage 
figures approximate only); secondly, because they vary markedly in diflerent 
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extracts of the same plant, and thirdly, because, where they are largest, the 
titration to t.p. is even larger. This is not true of extracts in which the aloohol 
titration to p.p. agrees with the Van Slyke figure, but is behaviour characteristic 
of solutions of magnesium. In the absence of magnesium, the t.p. and t.p.-m.r. 
titrations are analogous to the similar titrations in formaldehyde. The t.p.- 
m.r. end-points are difficult, as expected, and it is shown, for example (Table 
X), that in the back titration to m.r., the weak groups of malic and succinic 
acids were 20 and 60% estimated, respectively, or, using the orange end-point 
of Harris (1923), 60 and 96% estimated. Succinic acid was not removable by 
lead acetate at p a 6. 

As it is unfortunately impracticable to remove magnesium from the extracts, 
the alcohol and formaldehyde-alcohol methods (which yield closely similar 
results throughout) must be discarded in most biological analyses. 

Titration by Acetone Addition .—The substitution of acetone for alcohol in 
the titrations was introduced by Foreman (1920). In this solvent, however, 
interference by magnesium will be even more pronounced. In general, any 
characteristic of the alcohol titration reappears in the acetone titration with 
greater emphasis, and the method has not been separately examined. 

Titration by other Aldehydes .—0*1 M glycine and 0*04 M Na aspartate gave 
no increase of phenolphthalein titre in 0*6 M chloral hydrate or M glucose in 
the cold, but gave a slow increase with 2/3 saturated furfural, with colouration, 
on standing at about p a 9. 


Discussion, 

No critical biological application of the methods for determining amino-N 
in the light of recent developments in theoretical interpretation has so far 
appeared. Methods, preferred in one field for empirical reasons, have been 
adopted without discrimination in other fields as having the same degree of 
accuracy. For instance, the alcohol titration method, long used with satis¬ 
faction in following enxymio reaction, has recently been applied both to meat 
extracts (Foreman, 1928) and to plant extracts (Rahn, 1932). By the former 
a difference between aloohol titratable and formaldehyde titratable groups is 
called “ non-volatile amines,” and by the latter a difference between amino-N 
(aloohol) and amino-N (Van Slyke) is called 41 firmly-bound polypeptides.” 
No such assertions would have appeared if the theoretical implications had 
been more dearly visible at the time. It is now possible to forecast more 
oorrectJy the value of any method, and to ohoose the one most appropriate 
for any particular purpose. 
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Van Styhe Method .—The limitations of the Van Slyke method have been 
sufficiently well investigated experimentally to need little farther discussion 
(Van Slyke, 1911 ; Schmidt, 1939). Errors due to manipulation (Lamson, 
1934 ; Sorensen and Wahher, 1928), or the presence of tannins (Kahn, 1982) 
have been variously considered. The imperfections among actual a-amino 
acids and peptides were mentioned in the introduction. Belated groups such 
as amino groups not in the a position to —COOH have been examined by 
Dunn and Schmidt (1922), or in peptides by Greenstein (1983). Of other 
substances, reaction has been demonstrated with ammonia and the amines 
(Van Slyke, 1912 ; Roeonthaler, 1929), urea (Plimmer, 1926), amides, ureidee, 
and g uanidine s (Wilson, 1928 ; Plimmer, 1926), glutamine amide-N (ChibnaU 
and Westall, 1932), indoles (Schmidt, 1929), and amino-purines and-pyrimidines 
(Wilson, 1923). No reaction is observed with proline, oxyproline (Van Slyke, 
1911), betaine, sarcosine, brucine (Wilson, 1923), hydrazines, certain cyclic 
nitrogen compounds (Rosenthaler, 1929), glucose, oxalic, formic, and glyoollio 
acids (Schmidt, 1929). Often the temperature coefficient of the rate of 
reaction is large (Dunn and Schmidt, 1922 ; Wilson, 1928). Under our con¬ 
ditions (17° and 10 minutes) the reaction has probably estimated, glutamine 
186%, lysine 90%, lysyl peptides 100%, glyeyl peptides 180%, cystine and 
glycine 107%, and adenine 26% of the expected amino-N, and ammonia 20%, 
creatinine 20%, and urea, ureides, and guanidines 0 to 6%, of one N atom. 
The method of Van Slyke is therefore not fine from considerable uncertainty 
where, as in plant extracts, many of these substances may be present. 

Titration Methods, Theoretical .—~The limitations of the titration methods 
requite fhllet discussion as, although the methods are themselves varied, they 
may be treated comprehensively instead of empirically for eaoh method as 
hitherto. From the theory of acid-base titrations (see e.g., Cole, 1928, 12 et 
eeq.) it is an inevitable consequence that gradual titration from 1% neutralisa¬ 
tion to 99% neutralization requires a change of 4 pa units. Conversely, if 
some group is being titrated from an initial point (perhaps an indicator) to 
another indicator whose ookrar change is only 4 units removed from the 
fint, titration cannot exceed, and may be less than 96% theoretical. The 
96% title is a m a x i m um that can only be obtained if the p B of 60% neutralize- 
** on (ftr) °f the group is midway between the indicators, •,&, when, say, 
KHfP0 4 , px- (aeoond phosphoric) = 7*2, is titrated from mx, p a 6*3, to 
t*P*»Pu®"2. If instead the p K . is 3 units from the first indicator and only 
one from the eeoo n d or vioe verso, i.e,, titeating KHfPOj from bromphsnol 
blue (4*2) to p.p. (8.2), the first indicator colour (8 units away) occurs at 
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0*1% neutralisation, the second (1 unit away) when there is still 9*1% un¬ 
neutralized. Titration cannot exceed 90-8% theoretical, and the second 
end-point can never be sharp. 

Consequently, in any titration when for any reason the p n range between 
end-points ia limited, it is essential to choose indicators Buch that the group 
titrated stands midway betwoeu them. Or if a number of groups of similar 
strengths, in a complex medium, are to be estimated together, their mean 
pg, should stand midway between the indicators. Or, finally, if the mean p K , 
is unknown, one can at least state that titration between indicators which lie 
too acid or too alkaline will be smaller than titrations between the best 
situated indicators. These general consequences of titrimetric theory are, of 
course, well known. 

Now, as described in the previous paper (p. 129) the effect of adding 
alcohol or formaldehyde to solutions of amino acids is to reverse the 
positions whioh the indicator and ainino groups occupy with respect to each 
other. Thus, whereas in water p.p. becomes coloured at p H 8*2, i.e., 
about 1 to 1 *4 p B units on the acid side of the p K .s of most amino acids, after 
addition of formaldehyde or aloohol, p.p. will not become coloured until 1 to 
2 units on the alkaline side of their p K s.* In other words, whereas p.p. is 
oolonred in water before the amino groups have been titrated very far with 
NaOH, in formaldehyde or aloohol the amino groups must now be very con¬ 
siderably titrated before p.p. becomes coloured. This gives an increased 
titration, after addition of the formaldehyde or aloohol, which is a measure 
‘ of the amino-N content of the solution. 

The effect may be quite legitimately compared with a simple aqueous titra¬ 
tion between two indicators, in which the p B range between the indicators is 
for 10% formaldehyde 2*0 to 3 p B units and for 85% aloohol 3*5 p B units. 
This range ia definitely too small for quantitative titration of amino groups 
by the one-indicator method. Moreover, the maximum titre, 90 to 96% will 
be greatly influenced by the choice of indicator, which should lie as far to the 
acid aide of the mean amino nitrogen p*. before formaldehyde or aloohol 
addition aa it doea to the alkaline side afterwards. Since, therefore, the first 
colour of p.p. appeam at 1 to 1*4 p B units (half the available titration range) 
on the add aide of the mean p*. of amino groups, oa. 9*6, this indicator seems, 
very happily, to be an ideal choice for the titration. 

* The term ;>■'is here appUed to* bue In the tense suggested by Bronsted,h<.,a]4— 
so that it ia exprand directly ia tanas of the p m mh All quoted aw the aooaptsd 
veins* from reosnt Utecatne, 
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One-indicator Methods .—Thus no one-indicator method is able to provide 
folly quantitative measurement of amino-N. The percentage estimation, 
which can be easily calculated, will vary for the separate amino acids according 
to the p K . of the individual amino acid and the of the chosen end-point 
(for p.p. (p a 8*2) the ideal p K > is oa. 9*7). Strong basic groups (betaines and 
the guanidine groups of arginine and creatine) are not estimated; neither are 
weak basic groups (the cyclic N of histidine, p K . 6-0, creatinine, 4-7, and trypto¬ 
phane, <C 1—compare Sorensen, 1907). Amines (and amino groups not a to 
—COOH), mean 10*6, proline, 10*6, and sarcosine, 10*0, will be incom¬ 

pletely titrated at the final p.p. end-point (compare Sorensen, 1907; dementi, 
1916; Martens, 1927) and would give more quantitative results with a more 
alkalin e end-point. On the other hand, the amino groups of phenylalanine, 
tyrosine, histidine, 9*2, lysine (first), arginine, 9*0, and cystine, 7*5 and 9*0, 
and particularly of any peptides, 8*3, will be partially titrated before the 
first end-point (compare Henriques and Qjaldbfik, 1911; Foreman, 1920; 
Willstftttor and Waldschmidt-Leits, 1921; Martens, 1927), and would be 
better estimated with a more acid end-point. Incidentally, the titre ratios, 
litmus to p.p. (8*3) in water: litmus to p.p. (9*1) in formaldehyde, quoted 
by Henriques and Gjalb&k (1911) and Qrttnhut (1919), give very useful indica¬ 
tion for many examples of the extent of initial titration. Some less common 
amino acids requiring special notice are, thiol-histidine 8 * 6, cysteine, 8 ■ 2, di-iodo- 
tyrosine 7*8. In the light of this discussion, the result of Table X that n.r. 
(Ph 7*5) estimates 90% of the p.p. titre (pn 8*4) of our extracts, whereas tip.. 
(p B 9*4) estimates only 60% is not at all surprising. 

Of the one-indicator methods, the formaldehyde titre has a decided advantage 
over the alcohol titre, in that it depends on a ohemical reaction apparently 
specific for amino groups, whereas the alcohol titre depends on a physical 
phenomenon without chemical specificity. Thus formaldehyde titration 
estimates, as above, only primary amines, secondary amines (proline **>d 
sarcosine), and ammonia (p K . 9*3—compare Sorensen, 1907); whereas alcohol* 
titration includes to some extent any group of p K » 9 to 10 whose strength is 
altered differently by alcohol from the alteration of strength of p.p. (a multi¬ 
valent add). Thus, alcohol titration (p.p.) will partly estimate not only the- 
above bases, but also magnesium qr such alkaloids as have appropriate basicity 
(e.p., nicotine, p K * 8*1, will be part titrated) and even monobasic acids of 
Pi'S. This has been clearly shown in Table VI for weak adds, and in Table 
VII for magnesium. Again, alcohol titration of extracts containing much 
inorganic matter or protein is complicated by precipitation of material, with* 
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possible loss of amino-N (Sorensen and Walther, 1928). For both these 
reasons, the general usefulness of the alcohol titration as compared with the 
formaldehyde titration is seriously limited. 

Two-indioator Methods .—These methods, in effect, titrate first in aqueous 
solution from n.r. (p B 7-0) to p.p. (p B 8-3), covering 1 -3 p B units, and then to 
p.p. again after formaldehyde or alcohol addition, giving 2 to 3 p B units more. 
This has the advantage (a) of a total p& range of 4 units (2*5 units to the mean 
amino-N p^. and 1*5 afterwards) permitting 97% titration, and (b) of much 
completer estimation of those amino acids with weak —NH, groups (arginine, 
lysine, cystine, and the dipeptides—see below). On the other hand, as has 
been noted, it is dangerously interfered with by phosphates, p^. 7 *2, and by 
weak acids such as chlorogenio acid, 8*5, silicic acid, 9, or the seoond groups 
of oitraconic and maleic adds, 6*6, if these should be present in the extract 
under examination. Harris’ two-indicator method using m.r., has been shown 
to be disturbed not only by these acids, but even by the weak groups of malio, 
6*1, sucdnic, 5*6, or citric adds, 5*5. 

Therefore, though these two-indicator methods give greater accuracy in 
estimating solutions which contain solely amino acids and peptides, they 
provide reasonable accuracy in other solutions only if pre-treatment has 
removed all interfering groups somewhat titratable in water between tho 
chosen indicators. Our very tentative results show that decolouration by 
lead acetate has precipitated sufficient of these groups to allow a dose corre¬ 
spondence between the one-indicator and the two-indicator titres, the latter 
being larger by 20%. In such case, however, the two-indicator methods 
still suffer from the original specificity defects of the one-indicator methods. 

It is, of course, obvious that the two-indicator aqueous titration methods of 
Harris (1923), Tillmans and Kiesgen (1927), and Felix and Muller (1927), 
titrating from p B 7 to p a 11-6, can only be applied safely to solutions com¬ 
prised solely of amino acids and peptides as titratable material 

Previous Investigations .—It remains, lastly, to summarize the few previous 
comparative investigations. Cook (1914) compares the Van Slyke and 
formaldehyde methods, used without description, on twelve commercial 
vegetable and meat extracts, and finds the formaldehyde titration to average 
but 60% ofits Van Slyke equivalent. That this may be due to some peculiarity 
of the extracts such as a high proportion of peptide-N is suggested by the later 
work of Litters (1920) on two protein digests and one plant extract, in which 
amino-N by his two-indicator formaldehyde titration is 107 to 125% of amino-N 
(Van Slyke). In Table X our results are of this latter order. It is recalled 
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also that the Van Slyke method has been variously criticized owing to the 
possibility of reaction with reducing agents present, or of hydrolysis by action 
of the strong reagents employed. Rahn (1932) comparing Van Slyke and 
alcohol (p.p.) values on a root extract, finds the latter value to be in excess, 
almost certainly an indication of magnesium, but described by this author as 
“firmly bound polypeptides.” 

Purely titrimetrio methods have been compared by Tillmans and Kiesgen 
(1927), who obtain substantial agreement upon seven food extracts with their 
two-indicator methods: n.r. to p.p. in formaldehyde, n.r. to t.p. in alcohol, 
and n.r. to tropaeolin 0 in water. Since each method uses the same initial 
point, weak acids may be included in these estimations unnoticed unless so 
weak as to be titrated by tropaeolin 0 but not by p.p. One meat extract 
gives 108% of its p.p. value for tropaeolin 0, or 105% for t.p. This may be 
duo to such a weak acid, or to magnesium. Agreement between contrasted 
two-indicator titrations does not necessarily imply accuracy and specificity 
in the estimation of amino-N. Foreman (1928) has compared the formaldehyde 
and alcohol titrations as one-indicator methods, using meat extract media and 
one sample of urine. He finds the alcohol titre, after distilling off ammonia 
(volatile bases), to be invariably higher than the formaldehyde titre. The 
disparity, regarded by him as due to “ non-volatile amines/* is almost certainly 
due to the partial inclusion of magnesium in the aloohol titration. Thus, a 
normal 24-hour urine contains amino-N and magnesium in quantities averaging 
(in terms of titratable “ N ”) 25 and 20%of ammonia-N ; it is rather significant 
that the formaldehyde titre of the urine and its actual disparity from the aloohol 
titre were respectively 14% and 18% of the ammonia titre in Foreman's 
experiment. Likewise, the disparity in the meat extract media, which was 
also large, showed behaviour expected of magnesium, since it remained constant 
daring the oourse of bacterial action, and was preoipitable from neutral solution 
to the extent of 10 to 25% by adding 88% akohoL 

Foreman (1920), Harris (1923), and Martens (1927) compare various titri- 
metric methods upon pure amino acids. The results accord with the expecta¬ 
tions from the known p K * of the amino acids, and the influence on them of 
aloohol or formaldehyde addition. The comparison of methods upon protein 
hydrolysates is discussed in the pipvious paper (p. 138). 

Reasons for neglecting the Folin oolourimetric method appear in papers of 
Kllinghaos (1915) on protein digests, and of Zirm and Benedict (1931) on 
protein-free blood sera. These criticisms, however, require revahuting in the 
light of the recently improved method of Danielson (1933). The method is 
preferred to the Van Blyke method for bacterial culture media by DeBord (1923). 
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Conohmcns. 

In a simple amino aoid-polypeptide solution, two-indicator titrations are 
obviously most nearly quantitative. For the same end-points, acetone (NaOH) 
titration is more nearly quantitative, while alcohol (NaOH) titration is slightly 
more so than formaldehyde (NaOH) titration. The first two methods are 
discounted, however, by the common occurrence of precipitation, the latter by 
the inability to use thymolphthalein as indicator. Acetone (HC1) titration is 
not a direct measure of amino^N, as it estimates —COOH groups. 

In coloured biological extracts, the Van Slyke method is preferred in spite 
of its uncertainties, since effective decolourants for titration removed also 
16 to 26% of amino-N (Van Slyke) by their action. In the extracts examined, 
duplicate Van Slyke estimations did not vary by more than 0*03 c.c. nitrogen. 
If deoolourants may be used, the consequent loss of N being purposely neglected, 
then lead acetate at 0 is preferred, as it removed rather leas N than did 
norite, and simultaneously precipitated weak acids disturbing the titrations 
(phosphates, chlorogenates, etc.). 

In lead-treated biological extracts, the two-indicator formaldehyde titration 
(mr.-p.p.) is preferred (LUers, 1920 ; Grtinhut, 1919), provided it is compared 
always with the one-indicator formaldehyde titration (p.p.) as a control of the 
fortuitous presence of disturbing titratable groups. As far as present informa¬ 
tion is available, it is less subject to chance variation than is the Van Slyke 
method. Alcohol and aqueous (NaOH) titrations are to be avoided, as they 
have no real specificity for amino-N. 

In non-coloured biological extracts, the remarks for lead-treated extracts 
apply, except that two-indicator methods are not recommended unless weak 
acids are first removed by some method such as the lead precipitation above. 
For direct estimation,, the one-indicator formaldehyde titration (p.p.) is 
preferred, on the whole, to the Van Slyke method, as being quicker and more 
specific for amino-N, but it is probably not more than 96% quantitative and 
would be considerably leas so in tbe presence of much peptide amino-N. 

The author is greatly indebted to Professor A. C. Chibuall for his helpful 
advice and encouragement, to Mr. R. G. Westall for the tedious Kjeklahl, Van 
Slyke, and magnesium estimations, and for manipulative assistance, and to 
the Department of Scientific and Industrial Research for a research grant. 
The cost of the research has been defrayed by a grant from Imperial Chemical 
Industries, Ltd., to Professor Chibnall in connection with researches upon the 
biochemistry of grasses. 
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Summary. 

Comparison of titrimetric and Van Slyke methods of estimating amino-N 
in biological extracts has been made. Eight modifications of the formaldehyde 
and aloohol titration methods are inolnded in an examination of plant leaf 
extracts. 

All alcohol (or aoetone) methods for amino-N are discarded for biological 
extracts owing to lack of speoificity. Magnesium, which cannot be readily 
removed, and various weak acids, are titrated as amino-N by such methods. 

Existing literature on the estimation of amino-N is summarized and the 
general usefulness and accuracy of the methods discussed. For coloured 
biological extracts, the Van Slyke method is preferred, but the formaldehyde 
(phenolphthalein) titration has advantages for colourless extracts. The 
implications of the iwitterion conception on the interpretation of titrimetric 
methods is stressed. 

The effect of on the efficiency of norite and lead acetate as decolourants 
of leaf extracts has been investigated. Lead acetate at 6 is adopted in 
preference to norite atpg 1. The colouratuff of the extract is found to migrate 
as an ampholyte during electrodialysis. 

Note. —In a paper which has recently appeared (October, 1933), Van Slyke 
and Kirk examine the Van Slyke, Folin colorimetric, and formaldehyde 
methods as applied to blood and urine. They obtain substantial agreement 
between the Van Slyke and formaldehyde methods, and severely criticise the 
oolorimetric method applied as originally described. They examine the 
aoetone titration, adapted to blood sera by Zirm and Benedict (1931), and show 
it to titrate carboxylic adds. 
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The Differential Titration of Mixed Strong and Weak Acids. 

A Method for “ Free HC1 ” in Gastric Contents , etc. 

By Geoboe Maxwell Richardson. 

(From the Bioohemimtry Department, Imperial College of Soienoe and Technology, 

London, 8.W.7.) 

(Communicated by C. R. Harington, F.R.S,—Received January 15, 1034.) 

It is frequently convenient to be able to distinguish between strong inorganic 
acids and weaker acids present in the same aqueous solution. Biochemically, 
such a distinction is required in analysing gastric contents for “ free HO,” 
in titrating blood for “ organic acids,” in determining free acidity during the 
course of peptic digestion, and so on. Chemically, it is useful to be able to 
estimate by direct acid titration moderately strong acid groups combined as 
■alts (such as sodium acetate, sodium potassium tartrate, potassium citrate, 
lead aoetate, etc.). Available methods were either entirely approximate or 
even positively inaccurate. To remedy this position, a simple modification 
affording considerable quantitative improvement is now proposed. 

The difficulty common to current methods (see Hawk, 1931; Hollander, 
1931) is chiefly that of distinguishing strong acids (folly dissociated) from other 
unknown acids only Blightly less strong (not fully dissociated), by an end¬ 
point which depends on pn alone. No new choice of indicator can improve 
the quantitative uncertainty as to how far these unknown moderately strong 
acids have participated as “ strong acids ” in an estimation, and, in fact, no 
improvement is possible unless the acidity of the moderately strong adds is so 
depressed as to minimise the extent of their interference. The inherent advan¬ 
tage of titration in non-aqueous solvents over ordinary aqueous titrations in 
this direction has long been realised (Bishop, Kittredge, and Hildebrand, 1922); 
but the procedure cannot be used in biochemical estimations, where the experi¬ 
mental material is in aqueous solution. Yet it is strange that the obvious device 
—the basis of which was established by Cray and Westrip (1925) —of adding 
miscible organic solvents (acetone) to these aqueous solutions, has not been 
adequately exploited as a simple practical method. Preliminary notice of suoh 
adaptation has already been given (Richardson, 1932), but detailed presenta¬ 
tion has been delayed to permit treatment of other aspects of mixed solvent 
titration (p* 121). 
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Currant Methods. 

Current methods depend largely upon the empirical selection of optimum 
conditions for titration of any particular fluid. In the special case of gastric 
and blood analyser, these methods are of four types : (1) titration of a secondary 
product liberated by the action of free hydrions (iodine from Sahli’s reagent); 
(2) acid-base titration to a chosen p^ end-point—thymol blue p H 2, tropaeolin 
00 Pq 2*7 (Palmer, 1926), Topfer’s indicator (salmon pinh) p H 3-6, brom- 
phenol blue p fl 3 • 5 (Hollander, 1931), and other indicators; or electrometrioally 
Pg 2 -3 (Perisweig and Delrue, 1928)—of these, Topfer's indicator is traditionally 
used, the others being advocated quite recently; (3) determination of p u , 
often colorimetrically, and calculation of free acidity corresponding thereto ; 
(4) progressive neutralization until a spot reaction characteristic of “ free 
HC1 ” cannot be further observed (red colour on evaporating with Ounzberg's 
reagent). These methods are commonly considered to be unsatisfactory, 
being used simply in lieu of better alternatives (Christiansen, 1912; Hol¬ 
lander, 1931). The fault is that eaoh method is susceptible to hydrions from 
any source if in sufficient concentration, and that many acids are strong enough 
to provide suoh concentrations. 

Sahli's Reagent. —This reagent is a mixture of equal volumes of 8% KIO, 
and 48% El, 1 o.c. of which is added to 2 c.o. of gastric contents + 10 c.o. of 
water, and the liberated iodine titrated with very dilute sodium thiosulphate 
after 5 minutes standing. An elementary knowledge of the oxidation-reduction 
potentials of iodine and KIO,, however, showB that iodine will be quantitatively 
obtainable from the latter at any p H acid to pa 6-6, and that the reagent is 
therefore sensitive to all ordinary organic acids. This is confirmed in Table I, 
though it is found that acid groups having buffering power about p H 6 to 7 
react only slowly, i.e., that 5-minutes reaction reduces acidity only to p B 5-5. 

Indicator Titrations. —The end-points for these titrations are inevitably 
difficult and vague (see also Rehburg, 1926). Applying first principles 
(p. 123) to the titration of the stronger acid groups, we find that one 
volume of, say, 0*1 N Na lactate (p K > 3*9) would not be 99% acidified until 
Pn 1*9, when additional 0*1 N HC1 (x) sufficient to render the total volume 
(™ 1+0*99 + * vols.) 0-013 N with respect to “ free HC1" (neglecting 
activity correction) would be required; this amounts to 29% extra 0*1 N HOL 
Titrating then to the finest end-point visually distinguishable (0*1 fg units 
mhumum), and accepting Pb 2-0 to 1*9 as this end-point, even this small range 
permits variation from 121% (99 + 22) to 128% (99 + 29) Hd addition by 
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reason of the “ free HC1 ” required. Thus not only do these titres require 
extensive correction for “ free HCl,” but the visual end-painte are themselvee 
uncertain to the extent of at least 7%; were account to be taken of activity 
corrections, the uncertainties would be more pronounced. For stronger acid 
groups, such as pyruvic acid (2*6), amino acids (2*6 to 1*8), phosphario add 
(2.1), the difficulty of titration is accentuated in corresponding degree. Thus 
the common observation that visual end-points are more prolonged the stronger 
the add groups titrated is definitely the fault of the add end-point, not of the 
individual defects of the indicator. 

Since this is so, there has been a tendency, for the sake of sharper titration, 
to adopt less add end-points than should be used and arbitrarily to assume that 
titratable aoidity add to the end-point represents “ free HCl,” or alkaline, 
“ organic acids.” The assumption is only justifiable when strong organic 
(and phosphoric) adds are absent, as in phosphate-free urines (p H 2*7, Palmer, 
1926) or pure gastric juice (pa 3*6, Hollander, 1931) when a small correction for 
“ free HCl ” at the chosen end-point is always applied. Otherwise, it becomes 
merely an attempt to approximate a sort of “ equivalence-point ” at which the 
“ free HCl ” is fortuitously equivalent in amount to the untitrated salts of 
“organic adds.” This arbitrary compensation of the excess HCl required 
as “ free HCl ” at the ohosen end-point, against the defect HCl due to in¬ 
complete acidification of rather strong groups, varies in effectiveness according 
to the concentration and add strength of the groups present. Consequently, no 
standard “ equivalence-point ” can be ohosen whioh will suit all oases; nor 
can titration to any “ equivalence-point ” be at all sharply defined. 

It should be dear from Table I that the p H 2 end-point is better suited to 
exclusive titration than that at 3*5. Thus, though with thymol blue only 
60% of the "free HCl” of a gastric contents of about pg 1*6 (0*03 M HCl) 
will be titrated, this is compensated by titration of 6 to 80% of amino adds 
(Pk> 2*6 to 1*8), 40% of phosphoric add, and perhaps small amounts of 
peptides, dtrio add, etc. The net result is the desired one that acids other 
than HCl will seemingly be largely untitrated, though unfortunately end-points 
wifi be very poorly defined. With Tdpfer’s reagent, on the other hand, any 
improvement in end-point is discounted by the fact that " free HCl ” titre 
must unintentionally indude many other adds. A distinctive modification 
to improve end-point definition eliminates indicator methods entirely by using 
the quinhydxone electrode to demark a representative “ equivaknoe-point ” 
at pa 2*3 (Perisweig and Delrue, 1928). Yet even were determination of this 
" equivalence-point ” free of the several possible objections, the absolute 
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dependence of each titration aa a meaenre of “ free HC1" an the fortuitous. 
presence or absence of moderate!y strong acids is a very serious limitation. 

Determination of fa .—From the determined fa of a gastric contents it is 
theoretically possible to calculate the “ free HC1 ” present, since moderately 
strong adds present do not contribute largely to the maintenance of such strong 
acidities. Yet as the fa is often determined colorimetrically by standard 
indicators, uncertainty in matching shades, even though more vital to the 
success of the method, is inevitable; while electrometric methods are not 
only tedious but subject to error from uncertain junction potentials. At the 


Table I.—The selectivity of current methods for strong acids. Data as % one acid group. 
fa- values from recent literature. 
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same time, conversion of fa into terms of “ free HC1 ” involves considerable 
activity correction, which must vary from sample to sample with its salt 
content, on the one hand, or the influence of proteins, etc., on its dieteotrio 
constant, on the other. Hollander (1931) adduces reasons for discarding the 
method for gastric contents and all complex mixtures, although using it for 
pure gastric juioe. The method is so systematically uncertain that ita continued 
use is sufficient commentary cm the inadequacy of alternative methods. 

Qwubay’t Reagent,—Thit reagent is a solution of 1 part vanillin and 2 parts 
phlorogluomol, which, evaporated to dryness, gives a characteristic red odour 
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4 on evaporating with a spot of acid. By progressive neutralisation, the end* 
point at which further colour is no longer produced is determined. Colour 
production is more sensitive if pH i* maintained by dilute acids rather than by 
buffer mixtures (see also Christiansen, 1912). This is presumably because 
evaporation considerably decreases the p H of dilute acid solutions by con¬ 
centrating the acid, but does not greatly alter that of buffer solutions. Thus the 
fact that 0*00028N HC1, H,S0 4l and HN0 8 (pn 3-6) and 0*001 M H 8 P0 4 
(pa 3*00) are all sensitive to the reagent, whereas 0*1 M H 8 P0 4 as a 
buffer is almost insensitive at 30% neutralization (pn 1*7), is presumably 
due to the development just before dryness of a of about 1 *6 in each case 
(assuming one hundredfold increase of concentration). The observation that 
colour is given in 0*1 N solution only by acids stronger than p K * 3*6 (except 
phthalio acid) is of corresponding implication. Whatever the interpretation, 
in practice strong acids may be very largely titrated by NaOH with this 
end-point, whereas most moderately strong acids lose their sensitivity to 
the reagent with comparatively small NaOH additions. Thus the method, 
although tedious, is a useful improvement on methods depending on differentia¬ 
tion by a p 0 end-point alone. 

Conclusion .—The conclusion is plain that current methods, though providing 
tentative and empirical bases for comparison, do not represent with any 
reality the actual “ free HC1 ” of the fluids investigated. Qunzberg's method 
or a titration at p H 2 provide most nearly a satisfactory differentiation between 
■' free HC1 ” and “ organic acids. 1 * 

Proposed Method . 

The difficulty of differential titration hitherto has rested in the laok of 
sharp differentiation in acid strength between the strong acids and the moder¬ 
ately strong acids of the solution. Fortunately this particular differentiation 
is not equally impossible in aqueous acetone solution. The nature of acidity 
in relation to mixed solvent titration has been discussed elsewhere (p. 124). 
It will suffice to assert here that, whereas moderately strong acids are 
weakened 10,000 to 100,000 times (4 to 6 p H units) by addition of 90% 
acetone, true strong acids are not greatly affected. This marked relative 
alteration of strength in 90% acetone makes it possible to titrate strong inorganic 
acids in the presence of weak and'moderately strong acids, or vioe versa 
without appreciable overlap. 

Thus, considering the simple acidification of lactates (p*, 3*9), shown earlier 
to permit 7% uncertainty in the aqueous titration to pa 2 to 1-9 (thymol blue), 
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we find that in 90% acetone, titration is analogous to an aqueous titration of 
a group of p K . about 8. The result is that 99% titration by HC1 can now be 
accomplished at 6, necessitating only 0-002% extra " free HC1 ” instead of 
29% (assuming original 0-1 N solutions). Likewise, it iB even possible to 
titrate sodium oxalate (pg. 1-2, shifted to about 6) with HG1 with little 
worse definition than that of sodium bicarbonate in water (p*. 6-3) using an 
indicator of p H range about 3-5 in acetone. The considerable advance in 
sharpness of end-points and absence of “ free HC1 ” correction that is attainable 
needs no stressing. 

For differentiating the strongest acids, indicators for the p n range 3*5 to 
4-0 in 90% acetone are required, and are obtainable by using either a basic 
indicator of aqueous range about p H 6-0, or an acid indicator of aqueous 
range pg 2. By examination of numerous indicators (Table II), p-bensene- 
sulphonio aoid-azo-a-naphthylamine (called herein naphthylamine orange, 
by analogy with naphthol orange, methyl orange, etc.) has been selected, but 
erythrosin (iodeosin) is also suitable. Titration to two end-points is recom¬ 
mended, defined by the indicator colours in 90% acetone, (I) of 0-0004 N 
HC1, pn 3-4 (salmon pink), and (II) of equal volumes of 0*05 M pyridine and 
pyridine HC1 (orange yellow—approximately the same p H as 0-0001 N HC1 
in 90% acetone = p H 4-0). The purpose of the two end-points is to disoem 
the extent of overlapping. Thus for most organic acids, end-point II will 
completely differentiate them from HC1, when the titre from end-point II 
to end-point I is due to HC1 only, and should be the same as an appropriate 
blank on water or dilute NaCl (activity effects are large enough in 90% aoetono 
to make the rough duplication of the salt concentration of the unknown a 
necessity in the blank). Where larger titres than this are observed, rather 
strong acids must be present and end-point, I (pa 3-4) is then more reliable 
(Table III). Titres either to end-points I or II are then corrected for their 
respective blanks (water blanks correspond to a concentration of 0*0004 N 
or O-OOOL N HC1 in the acetone solutions, but 0*1 N NaCl blanks are almost 
double). As titrating agent, 0-05 M NaOH or HC1 in 90% alcoholic solution 
is ran in from a micro-burette suitably protected from CO„ aoetone being 
too volatile for convenient use in standard solutions. Indicator is used in the 
proportion of 1 drop of 0-1% alooholio solution (75%) per 5 c.o. of solvent. 

In this way, practically exclusive titration of true strong acids in the experi¬ 
mental solution may be accomplished, together with considerable improve¬ 
ment in end-point definition; for example, HC1, HC10 t , HNOj, and RHBO t 
as strong adds may be suitably differentiated from H t P0 4 and all organio 
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adds as moderately strong or 'weak acids. The chief difficulty resides in the 
fact that the second ionisation of sulphuric acid in 90% aoetone is intermediate 
in acid strength between the limiting categories and obscures the end-point. 
Fortunately, however, salts of this one common acid capable of interference 
are quite easily removable by precipitation. The method on the whole, then, 
is simple, direct, and rapid, and applicable to any solution to which ordinary 
indicator methods apply. Biochemically, it provides with reasonable validity 
the important differentiation of “ free HC1 ” from “ organic adds,*’ though 
its values do not purport to be the same as those from the vague and arbitrary 
“ equivalence-points ” of aqueous titration. 

Linder sirrm-Lang's Aoetone Titration .—The firat application of the principle 
of the above differentiation was Linderstrcm-Lang’s titration (1928) of 
" amino-N,” actually a titration of the carboxylic groups of amino adds (p K . 
about 2) by weakening their addity in 90% aoetone. The method was 
developed for its application to protein chemistry with the unfortunate result 
that it was considered “ eine Methode zur Bestumnung von Aminostickstoff ” 
(p. 48). This condusion arises from a situation poculiar to the hydrolysis 
of proteins (p. 136), and although Linderstrem-Lang once mentions that 
“ die Waaeerstoffionenanlagerung in vielen Fallen an der COO - -Qruppe 
stattfindet ” (p. 42), he nevertheless adopts the opposite interpretation through¬ 
out. His method must be considered a special case of the above general 
procedure. 

Experimental. 

Solutions of the acids used were standardised against CO,-free 0*1 M aqueous 
NaOH with phenolphthalein (phosphoric acid with bromcresol green, amino- 
adds with bromthymol blue). On the basis of these titres, results are expressed 
as % of single add groups, or in mixtures as % free HC1. Since general 
conclusions were all that was sought, materials were ordinary commercial 
preparations of the adds. Quoted results are the mean of comparable 
duplicates. 

Sahli’s titration was carried out on 2 c.c. aliquots with 0*02 N Na^3 a O a and 
the usual starch end-point, over reaction times of 6 and 270 minutes. CO a 
absorption as a result of long standing was a negligible factor. Thymol blue 
and Tfipfer’s indicator titrations, were carried out in 6 c.o. aliquots with 0*1 M 
NaOH and matched indicator end-points. Colour standards for the former 
indicator were prepared in pa 2 HC1-KC1 buffer and in pa 2*3phthalate buffer; 
for the latter a methyl orange colour in pg 3 *7 phthalate, corresponding to the 
unstable Topfer’s indicator colour in pa 3*6 buffer, was used. For the Guns- 
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berg titration, fi 0 . 0 . aliquots were neutralised with 0-1U NaOH, until no 
reddish tinge could be observed in any part of the test spot 

Acetone titration was conducted with 0*06 M NaOH on 2 o.c. aliquots to 
which about 18 0 . 0 . of acetone and 4 drops of indicator had been added, end¬ 
points being matched against the colour controls I (p H 3*4) and II (p H 4). 
As an example, the data for the titration of mixture C, Table III, are presented : 

Blank .—Equivalent salt concentration : 0-033 M (conditions at the end¬ 
point are referred back to the original aqueous solution). Titration of 
2 0 . 0 .0-033 M NaCl in 18 c.c. acetone : to control II, 0*07 0 . 0 . of 0*00 M 
HC1; to control I, 0-23 0 . 0 . 

Mixture C .—Neutralization to control 1,1 • 14 and 1 -13 0 . 0 . of 0*06 M NaOH; 
to control II, 1 -30 and 1-31 o.c. 

Corrected titrea, I, 1*36 c.o., II, 1*37 c.c. 

Known HC1 titre of mixture C, 1 -37 o.c. . 

% HC1 neutralized, I, 99%; II, 100%. 

Formation of Precipitates .—The major technical difficulty of the titration 
is, of course, the insolubility of some of the constituents in 90% acetone. On 
titrating the originally add solutions to the prescribed end-points no predpita- 
tion occurred, since NaCl, NaNO„ and the adds examined were all soluble 
under the conditions. On the other hand, by continued neutralization 
predpitation occurred upon approoiable formation of the neutral salts, although 
add salts were mostly soluble. Insolubility pcourred most frequently with 
oxalates, sulphates, phosphates, and the amino add zwitteriona, the respec¬ 
tive add salts or hydroohknides of these substances being satisfactorily 
soluble. Conversely, in back-titration of neutral salts, predpitation is avoided 
if HC1 is added just short of the equivalent amount before adding aoetone, 
and likewise, predpitation of protein and similar material is minimized by 
pre-addification. Thus for all biological material it is advisable to addify 
almost to the end-point before adding acetone for titration. 


Results. 

Titrimetrio examples will be most valuable if they define the limits of avail¬ 
ability of the method; consequently the tables largely portray selected limiting 
ca ses. Table I has already demonstrated the extreme lack of specificity for 
free HC1 of oertain current methods. Sahli’s method was shown to give 
partial estimation even of CO* On the other hand, the Gunzberg and thymol 
blue m ethods were more se l ec ti ve, but were technically difficult. 
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In Table II, data aerating the selection of indicators for the acetone 
titration are arranged. Equivalent amounts of oxalic, lactic, or acetic adds 
were mixed with HC1, and the percentage HQ neutralised for full odour change 
of the indicator observed. The data represent general magnitudes only. 
Naphthylamine orange is plainly the best indicator of those examined, the 
accurately determined end-point for HQ-oxalio acid being 87*5 to 101% 
HQ between the colour standards I and II, representing 100*6 to 102% titra¬ 
tion if corrected for free HQ. For titrating weaker acids without the necessity 
of a free HQ correction, chrysoidine shows too poor a oolour change, but neutral 
red or even bromphenol blue will serve for a sharp end-point with acids like 
acetic acid. 


Table II.—Examination of indicators for acetone titration. Data as % HQ. 


Indicator. 

Type. 

Aqueous 
range. . 

1 

HC1- 

oxaljo add. 

HC1- 

laotloaoid. 

HOI. 

acetic add. 

TApftr'i Indicator . 

fiado 

29-40 

0 



Methyl orange .. 

•• 

aa-4-4 

0 

— 

-- 

Methyl red (lut) 

»i 

4-245*3 

0 

— 


Thymol blue . . , . 

Acidlo 

i ■ 2-2 * 8 

70- 90 

— 

— 

Congo red . 

Bailc 

3 45 

60-110 

— 


BenSeno-aao-a-naphthyUmin© . 

ft 

3-745-0 

80-100 

— 

— 

Erythredn . 

Acidic 

2 -3 

90-110 

— 

— 

Naphthylamine orange . 
Chryaoidine . 

Basic 

u 

4-245*8 

4-0-7*0 

93-102 

126-140 

94-100 

94-100 

Neutral red 

M 


186-198 

102-110 

100-101 

Bromphenol blue 

Acidic 

3-0-4-6 

190-196 

110-186 

100-101 

Bcomomol green . 

• 

»• 

3-W-4 

196 

180-190 

106-116 

Cochineal . 

i* 

4*845*2 

197 

187-196 

110-115 

Methyl red (2nd) . 

i* 

4-245-3 

198 

193-197 

— 


In Table III, representative strong and moderately strong adds are examined, 
singly and in simple mixtures, by relevant methods. It is dear that acetone 
titration considerably improves the quantitative accuracy, and especially, the 
technical facility of the end-point Thus even though end-points I and II 
have not the admirable definition of titrations in the region of neutrality, they 
may be fairly matched against the standard odours with an accuracy of 
± 0*03 o.o. of 0*05 M acid or alkali. Substances for which major difficulty 
may be expected are nitric, sulphurio (its seoond ionisation), oxalic, and the 
amino acids, whose px> values estimated from the % titration are about 1*7, 
3*8, 6*4, and 6 respectively in 90% acetone. Obviously, sulphurio acid is 
inimical to thjjtitration unless more alkaline end-points may be used. Normally 
it must be removed if present in significant concentration. The other acids, 
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however, are sufficiently exoluded from partial titration, especially at end-point 
1, and cause no great trouble. Weak aromatio bases capable of interference 
are unlikely to be present. Thus, if suitable end-points are adopted, experi¬ 
mental error even under the most difficult circumstances is reduced effectively 
to under 5%. 

I am indebted to Professor A. C. Chibnall for his constant interest and help, 
and to the Department of Scientific and Industrial Research for a research 
grant. 

Table III.—Improved selectivity by acetone titration. 




Aw tone Titration 


Thymol blue. 

8olutlun. 




Guux berg 
reagent. 




I 

II 




i 

Pb3-4. 

pH 4-0. 




Mittum (data m % HQ)— 
O-OSMHQ.O-OSSMouUoidd 







— 

101 

102 

— 

— 

- 

0*05 M HC1, H,P0 4 . 

— 

110 

101 

135 

120-127 

143-100 

Mixture A . 

— 

102 

106 

107 

73- 83 

105-113 

„ B 

— 

101 

108 

130 

110-120 

140-lfiO 

» c . 

— 

09 

too 

120 

85-05 

110-120 

Aeiii (data u % one add group) 







0-IM HCI. 

— 

100 

100 

09 

78- 81 

85-89 

01M UNO.. 

0*05M H|SO| . 

— 

08 

09*5 

00 

77- 82 

85- 88 

(1-8) 

150 

182 

185*100 

133-140 

153-160 

0-05 M oxalic add . 

1*2 

1 

4 

85- 00 

53- 63 

70- 80 

0*1 M phmphorio add . . . 

0* 05 M glutamic add HOI 

01M glycine HCI. 

2*0 

0 

0-5 

25-35 

35-43 

55- 60 

2-2 

3 

10 

16- 18 

10- 17 

30-40 

2<4 

2 

8 

7- 11 

7- 14 

30-35 

01M pyrarioadd . 

2*5 

0 

1 

+ 

— 

— 

0*00M dtricacld. 

30 

0 

0 

+ 

0 

1- 5 

Polypeptide* (mean). 

0*1M lactic acid . 

35 

30 


0 

- 

<T 

0 


Mlstan A - 0-0S8 U SCI, glycine BC1, end lectio odd. 

„ B - 0 -093 X HQ, 0 017 X glycine HQ, pboephoric end leotk Midi, 0-008M gfoUmio add HQ. 
C * 0-088 X HQ, 0-017 X photphorie end lectio Midi, 0 -008 M oitiie end malic Midi. 


Summary. 

Current methods of estimating " free HC1 ” in acid mixtures are examined, 
reasons for preferring the Qunzberg method or a pg 2 titration being adduoed. 

These methods are superseded in accuracy and simpUdty by a titration in 
90% aoetone solution to successive end-points at p B 3 a 4 and 4*0 using 
p-bensenesulphonio aoid-aco-a-naphthylamine (described aa naphthylamine 
orange) aa indicator. The methods are compared on add solutions of known 
composition. 
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Electrometric Titration of Amino-acids in Aqueous-alcoholic Solution. 

* 

By Albert Neuberger. 

(From the Department of Pathological Chemistry, University College Hospital Medioal 

School, London.) 

(Communicated by C. R. Harington, F.R.S.—Received February 8, 1934.) 

The conception that substances exist which carry both positive and negative 
chargee in the aame molecule was first advanced by Bredig (1894) and Kfister 
(1897) in connection with betaine and methyl orange respectively. Kfister 
designated such substances zwitterions; since, however, these particular 
compounds fail to exhibit the essential ionic property of migration in an 
eleotrio field they should rather be called zwittermolecules. 

Later Bredig (1899) extended the conception to the aliphatic amino-acids, 
and the theory was again taken up in an interesting paper by Adama (1916); 
the most convincing arguments in its favour were, however, supplied by Bjerrum 
(1923). In the meantime the results of many investigations had afforded 
additional support for the hypothesis; the more essential of these have been 
discussed by Richardson (p. 121) and may be summarized as follows. 

(1) The iwitt erion theory explains the positions oocupied by the disKoiation 
constants of the amino-acids in relation to those of the corresponding aliphatic 
adds, amines and esters (Adams, 1916; Bjerrum, 1923; Ebert, 192fi; Emer¬ 
son and Kirk ft 1930); no suoh reasonable explanation is available on the 
older theory. 
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(2) Certain reactions of the amino-acids, e.g. t that with mustard oils (Marok- 
wald H oJ, 1891) and that with aldehydes (Birch and Harris, 1930) can only 
be satisfactorily explained on the basis of the zwitterion theory. 

(3) The temperature coefficients of the dissociation constants of the amino- 
adds indicate that the constants hitherto called basic and acidic correspond, 
in fact, to the carboxyl and amino groups respectively (Kolthoff, 1932). 

(4) The extraordinary increase in the dielectric constant of water brought 
about by the addition of aliphatic amino-acids indicates that the latter possess 
a strong permanent dipole moment, whilst according to the older conception 
of their structure they should only possess a weak dipole moment (Hedestrand, 
1928). 

(5) The ultra-violet absorption of aqueous solutions of the amino-acids is 
easily to be explained on the basis of the zwitterion hypothesis (Ley and Arends, 
1932). 

The present investigation deals with a comparison of the titration curves 
of the amino-acids in water and in aqueous alcohol, the results of which afford 
a further fundamental piece of evidence in favour of the zwitterion theory. 
In connection with these experiments the methods of titration of amino-acids 
in water and alcohol will be discussed. 

Nature of Ampholytes in the Light of Modem Acid-base Theory . 

According to Bronsted (1923) acids and bases are substances which can yield 
or absorb protons respectively. In connection with this definition two points 
are fundamental Firstly, the conceptions of acid and base are applicable not 
to molecules only but also to ions ; in this sense, for example, we must regard 
the ions NHf, C e H a NH^ > and CHjCHjNH^ as acids, such acids being 
designated cationic or charged acids; bases, on the other hand, are substances 
such as OH", C*H 6 NH f , CH s CH t NH t , CH s COO“. Secondly, according to 
this conception the hydrogen ions alone are of fundamental significance; 
hydroxyl ions are of special significance only in that they absorb protons more 
readily than any other ion. 

Ampholytes are substances which are able both to absorb and to yield pro¬ 
tons. Thus the ions HPOf and H t PO;~ ore ampholytes whilst a compound 
such as Zn(OH) a is not, since in this compound only the OH" ion and not the 
molecule aa a whole is able to absorb protons. In its fully hydrogenated con¬ 
dition an ampholyte is a pblybosio acid, which only exhibits peculiarities in 
the relationships of its electrical charges. Whilst the dissociation of 
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ordinary dibasic acid H*A is characterised by the stages HAH, HA", and 
A", that of an ampholyte is defined by the scheme HAH*, HA, and A'. If 
switterionic characteristics are ascribed to an ampholyte the intermediate stage 
HA takes the form *HA~. Following Bronsted’s conception the following 
definition may be made: an ampholyte is a polybasic acid of which the 
fully hydrogenated form carries a positive charge, or is in other words a 
cationic acid. According to this new definition the term ampholyte is, in 
fact, oonfined for the most part to those organic substances which have 
hitherto been designated ampholytes. 

The great simplification which Bro rusted has introduced into the acid-base 
theory ought also to find expression in the nomenclature of dissociation con¬ 
stants. It is simpler to speak of only one kind of constants, namely, those of 
acids. 

Every acid-base equilibrium is defined by the equation 

Acid ^ Base + H*. 

Every so-called basic dissociation can thus be calculated as the dissociation of 
the corresponding acid. It is therefore more convenient to speak of first, 
second, etc., dissociation constants than of basic constants, constants of hydro¬ 
lysis and so on. In this way the significance and the value of a dissociation 
constant become independent of the interpretation of a titration curve. 

Effect of the Nature of the Solvent on Add Dissociation . 

In a further important contribution Brbnsted (1928) has shown that a funda¬ 
mental difference between cationic acids and ordinary adds will be revealed 
on passage from a solvent with a high dielectrio constant such as water to one 
with a lower dielectrio constant such as alcohol. The lowering of the dielectric 
constant will cause an increase in the strength of the interionic electrical forces 
and in ordinary acids this will result in a depression of the dissociation since 
the undissociated acid is eleotrically neutral 

ha;h+ + a- 

In cationic adds, on the other hand, this effect will not be produced since the 
undissodated add itself carries a positive charge 

HA* r H + + A 

Let us now apply these considerations to ampholytes. With an ampholyte 
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of the simplest character and one which does not form zwitterioos, the die* 
sociatioa relationships are represented by the following equations: 

HAH + **HA + H + 

HA^H + + A- 

The first dissociation follows the scheme of a cationic acid and the seoond that 
of an ordinary acid. 

On the other hand, the relationships for the zwitterionic form are: 

HAH+^+HA- + H+ 

+ HA'^H + + A- 


The zwitterion will indeed correspond in its behaviour neither with a neutral 
molecule nor with an ordinary ion. Its mutually opposed charges will neutralize 
each other to a small extent only. In alooholio solution the first dissociation 
will be depressed but not so strongly as for an ordinary acid. The second 
dissociation will also be somewhat lower, but here the effect will be very much 
less than with an ordinary acid since the zwitterion cannot be regarded as 
electrically neutral This latter dissociation may best be compared with the 
association of the ions of neutral salts which increases in solvents with a low 
dielectric constant. 

Difficulty of Comparison of Acidities in different Solvents . 

It is, however, difficult to say precisely what is to be understood by acidity 
in a non-aqueous solvent or mixture of solvents. The of a given solution is 
defined as the difference between the activity of hydrogen ions in that solution 
and the activity of hydrogen ions in a standard solution. There are thus in 
principle two possible modes of definition : (1) the standard solution may be 
regarded as a common standard for all solvents and may thus be used as a 
basis for a universal scale of acidity ; against this it may be urged that the 
difference between ionic activities in different solvents is not thermodynamically 
defined and can scarcely be estimated (Guggenheim, 1930); (2) an arbitiary 
new standard may be established for each solvent and mixture of solvents; 
this can only be done, however, by abandoning the thermodynamic con¬ 
nection, in the sense of activity, between acidities in different solvents. In 
the work described below I have refrained from anticipating any definition and 
have expressed the measured potentials in millivolts. When the term p* 
occurs in the discussion of results obtained with aqueous-alcoholic mixtures 


loti on*— b. 


o 



114 A. Neuberger. 

Hi most be understood that it is used conventionally and has no thermodynamic 

It is not to be expected that acids of the same type, whether electrically 
neutral or cationic acids, will exhibit the same ratio between their dissociation 
constants in non-aqneons solvents as in water. Bather is it to be assumed 
that in addition to the electrical forces, whose significance has been indicated 
above, the individual chemical properties of the adds and their ions will 
come into play. In practice, however, it appears that the electrical effect 
predominates and that the differences in behaviour between individual adds 
of the same type are small in comparison with the differences between electri¬ 
cally neutral adds on the one hand and oationio adds on the other. 

The measurements in the present investigation have almost all been made in 
a mixture of 90% alcohol and 10% water (by volume). The solvation effect, 
which, in a homogeneous solvent, need only be considered at high concentra¬ 
tions of electrolytes (Hfickel, 1926) is of much greater significance in this 
mixture. The electrical field which surrounds an ion has an orientating influence 
on the molecules of the solvent and this influence will vary with the nature of 
the solvent. For instance, the orientating influence will be stronger on the 
molecules of water than on those of alcohol. In aqueous-alcoholic mixtures 
ions with a high capacity for solvation will tend to attract molecules of water 
rather than of alcohol, and the ionic activity will be determined by the dieleotrio 
constant of water rather than by that of the mixture as a whole. This con¬ 
sideration makes the profound influence of small additions of water on the 
potential of an alcoholic cell understandable (Millet, 1927). A half-oell of 
hydrogen chloride in 90% aloohol, for instance, shows a very small potential 
difference when compared with an aqueous hydrochloric add solution of the 
same concentration; if the concentration of water in the first half-cell be 
further reduoed, however, the potential difference rapidly increases. This 
effect will vary with different ions in relation to their capadty for solvation, 
and the phenomenon constitutes a further serious difficulty in the way of the 
establishment of constants for these mixtures. It is therefore impossible to 
estimate true “ dissociation constants r by potential measurements with such 
mixtures, for, even if the pg could be accurately determined, the activities of 
the anions and of the zwitterions can neither be estimated nor 
It is also impossible from these measurements to extrapolate the values of the 
dissociation constants in pure aloohoL 

The “ constants ” which are given by the measurements are well adapted to 
the characterization of titration curves; they may therefore be designated 
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M titration constants.” Since the factor by which these valoes most be multi¬ 
plied in order to give the real “ thermodynamic " constant varies, for the 
reasons given above, from acid to acid, these “ titration constants ” most only 
be compared with one another with the greatest caution. It can, however, 
be shown experimentally that acids of the same type react in a similar way if 
the dielectric constant of the solvent is changed. Great differences can be 
observed clearly between electrically neutral acids and cationic acids, and 
between ampholytes of the ordinary form and ampholytes of the zwitterionic 
form. Owing to the predominance of the dielectric effect it is possible to 
determine to which type a given acid belongs, by comparing the titration 
curves of the acid (1) in aqueous alcohol and (2) in water. It is further possible 
to use these ourves for volumetric analysis. 

Mich&elis and Mizutani (1925) carried out some experiments to determine 
the dissociation of acids in aqueous alcohol As ampholytes they only 
investigated glycine and the aminobenzoio acids. Their own interpretation of 
their results differs from that offered below although they also consider that 
their experiments prove the validity of the zwitterion hypothesis. 

Experimental. 

The solvent in most of these experiments consisted of a mixture of 90% 
ethyl alcohol and 10% water by volume ; the alcohol used was distilled from 
silver hydroxide in order to remove aldehydes, dried with anhydrous copper 
sulphate and again distilled. In later experiments ordinary absolute alcohol 
was used without further purification, since no difference could be observed 
in the results when the above processes were omitted. The hydrogen electrode 
used was in the bell form of Michaelis and was platinized every day. Two 
points seemed to be essential in order to obtain constant potentials in aqueous- 
alcoholic solution; firstly, the solution to be measured must be free of oxygen ; 
secondly, the hydrogen gas must be saturated with the solvent before it enters 
the solution to avoid evaporation of the solvent, with consequent lowering of 
the temperature and alteration of the proportion of alcohol and water, and 
the concentration of the solute. Hydrogen taken from a cylinder was passed 
through a wash-bottle containing aqueous potassium hydroxide then over 
heated platinized asbestos and finally through a calcium chloride tower. 
After bubbling through a vessel containing the solvent in use for the experiment 
it was led into the titration vessel The latter was closed except for a hple 
through which a stirrer was introduced. As a reference electrode an attempt 
was made to use an aqueous-alcoholic calomel electrode, but the potentials 
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were not constant and the conductivity was not very good, so that a saturated 
aqueous oalomel electrode was substituted. Miohaelis and Bjerrum also used 
this reference electrode. The question of the effects whioh phase boundary 
and liquid junction exercise when an aqueous reference electrode is used will 
be dealt with below. 

The potentials were measured by a Cambridge Instrument Company 
potentiometer. The temperature in all measurements was between 17° and 
18° C. 

Effect <ff Junction Potentials. 

Some experiments were carried out in order to determine the phase boundary 
and liquid junction potentials between an aqueous and an aqueous-alcoholic 
half-cell. The aqueous-alcoholic half-cell consisted of 0-01 N acetic acid and 
O'Ol N sodium aoetate in 90% alcohol. The other half-cell was a saturated 
aqueous calomel electrode. 

The bridge solution consisted of two parts: (1) aqueous salt solution, (2) 
salt solution in 90% alcohol. The aqueous solution was connected with the 
oalomel electrode and the alcoholic solution was connected with the alcoholic 
acetate solution. Both salt solutions were in contact inside a 3-way tap. 
Those salts were chosen of Which the anionic and cationic mobilities were most 
similar in water and in alcohol, vis., potassium ohloride, ammonium nitrate, 
and lithium acetate. K + has mobilities 74*6 in water and 24-6 in alcohol; 
for Cl- the numbers are 76*3 and 21*4 respectively, for NH/ 74*3 and 22 and 
for N0,“ 71 and 26. The above numbers for alcohol were taken from a paper 
by Ulich (1927); no figures for aoetate in aloohol could be found. The 
numbers for aloohol refer to pure aloohol; for 90% alcohol the values will be 
somewhat higher. These numbers also show that the differences between the 
transport numbers of the anions and of the cations are larger in aloohol than 
in water, and therefore the ohanoe of destroying undesirable liquid junction 
potentials by interposing a concentrated salt solution is much less in aloohol 
than it is in water. It should also be pointed out that these salts are less 
soluble in aloohol than in water, and therefore other ions which may be present 
in the cell play a larger part in the formation of a liquid junction potential 
Table I indicates that the values obtained with different bridges differ by not 
more than 4 mV.; it also shown that if the ratio of the concentrations is attend 
at tiie phase boundary the potential of the whole cell is not noticeably changed; 
this fact seems to show that phase boundary potentials do not play a large 
part in these experiments. If the oanoentration of other ions (especially of 
hydrogen ions) in the oeU is low, then the liquid junction potential will probably 
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not be above 5 mV. In any case the liquid junction potential does not change 
very much with the p^. This fact can be proved by comparing the experi¬ 
mental titration curves with the theoretical curves. At very low the liquid 
junction potential is oertainly much higher. The assumption that phase 
boundary potentials do not exercise an effect in aqueous and alcoholic solutions 
of inorganic salts is also supported by the experiments of Wild (1923). 

The potential of the calomel electrode was measured against aqueous 0*1 N 
hydrochlorio acid and the p^ of the latter solution was taken as 1-08. The 
potentials of the alcoholic solutions were expressed as p Hi the term being 
recognized to have no thermodynamic significance for reasons indicated in the 
introductory part of this paper, and calculated from the e.m.f. measurements as 

Table I.—0-01 JV Aoetic Acid and 0*01 JV Sodium Acetate in 90% 


Alcohol. Temperature 18°. 


Bridge -flotation. 

mV. 

Aqueous 'part. 

Alcoholic part. 

(]) Sat.KCl 

_ 

632 

(2) 6-OJVNHN^ 

0*64 JV NHjNOf 

634 

(3) l*6JVNH 4 NO, 

0*64 JV NH 4 NO* 

633*6 

(4) OSJVNB^NO* 

OWJVNH^O, 

633*6 

( 6 ) dOJVNH^O, 

0*32JVNH 4 NO, 

635*6 

(0) 0*8JVNH 4 NO, 

0*32JVNH 4 NO. 

636 

(7) 5*8 JV CHgCOOLi 

0 *62 JV CHgCOOLii 

634 

(8) 2-7 JV CHaCOOLi 

0*02 JV CH.COOLi 

684 

(0) 0*63 JV CH.COOL1 

O ■ 02 JV CH jCOOLi 

094 

(10) 5*3 JV CH.COOLi 

0 *31 JV CHgCOOLi 

636 

(11) 0 a 63 JV CH t COOLi 

0-31 JVCH,COOLi 

636 


if we were dealing with an aqueous solution without any further correction. 
The apparent titration constants of the various adds were calculated 
according to known formula and the activity coefficients of the different ions 
were not taken into account. The exact values for all amino-acids in aqueous 
solution are known from the work of Schmidt and his collaborators (for refer¬ 
ences see Myamoto and Schmidt, 1931) and therefore titrations in water were 
only made for comparison with the results of alcoholic titrations. 

All measurements were made in 0*01 N solution. The substances were of 
known purity. The titrations were made with 0-1 N hydrochloric add, or 
sodium hydroxide in 90% aloohol. Qlutamio add and histidine are so sparingly 
soluble in 90% alcohol that it was necessary to titrate them in 80% aloohol. 
For the same reason tyrosine could only be titrated in very add and very 
alkaline ranges. 
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In older to obtain points of comparison between ampholytes and or dinar y 
acids and ampholytes and cationic acids titrations of the following substances 
wen made: aoetio acid, benzoic acid, salicylic add, ammonia, ethyiamine, and 
aniline. The following amino-acids were investigated: glydne, ala nin e, 
tyrosine, glutamic acid, arginine, lysine, histidine, proline, and hydroxyproline. 


Table II.—Different Behaviour of Ordinary and Cationic Acids. 
Temperature 18°. 



Water. 

Pm 

Aloohol. 

Difference. 

Alcohol 

(MiohaoUe). 

Aoetio eoid . 

4-68 

0*62 

+2*24 

7-10 

BmuqIo idd . 

4-88 

0-79 

+2-01 

7-03 

SaUoyUo add. 

300 

0*10 

+2*10 

0-42 

Ammonium (NH 4 + ). 

9-48 

8*87 

-0*61 

8-87 

C t H i CH i NH i +. 

JO-89 

10*02 

-0-87 

—* 

. 

4-80 

4 00 

-0-80 

4-02 


Discussion of the Result*. 

Table II shows that the numerical values of the p* of ordinary acids in 
alcohol are higher by 2-24 to 2*81 units than in water while the values of the 
Pk for cationic acids are lower by 0*61 to 0*87 units in alcohol than in water. 
This statement is valid not only for the adds mentioned here but also for many 
other adds which have been investigated by Miohaelis and Mizutani (1925) 
and Mizutani (1926). 

Fig. 1 shows an eleotrometrio titration of ammonium acetate in aloohol and 
in water. The add part represents a curve of an ordinary add, aoetio add, 
%J!., the alcohol curve is above the water curve. In the *lir*l«n« range the 
titration of the oationio add MH 4 + is demonstrated; here the aloohol curve is 
below the water curve. 

It was deduoed above that the first titration constant of ampholytes of non' 
rwitterionio form must have the same properties as the titration constant of 
an ordinary acid. That is to say, the numerical value of p*. must decrease on 
transition from water to aloohol, and that of pg, must increase. These 
deductions are substantiated for the aminobensoic adds which according to 
Bjerrum do not poss e s s zwitterionio constitution. In this paper, the titration 
curve of o-aminobensoio add only is pre s e nted, but the owes of the ih- and 
p-isamarides are similar and are in accordance with the theory advanced. 
Fig. 8 shows dearly that in the add range the alcohol curve is below the water 
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curve, and is therefore characteristic of a cationic acid; in the alkaline range 
the alcohol carve is above the water curve, which is typical for an ordinary 
acid. T h e refor e pa, mast correspond to the dissociation of the amino group, 
whilst p corresponds to the dissociation of the carboxyl group. It was 



FiO. 1.—Ammonium acetate. O Aloohol; g water. 



further deduoed above that an ampholyte of zwitterionio form must have pc, 
eimilar to the px of an ordinary acid and pa, resembling more that of a cationic 
acid. But for reasons which have been stated already, the increase of pa, 
which is obtained by lowering the dielectric oonstant of the medium will not 
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be so gnat as for ordinary acids, and p*, will also be relatively a little greater 
than for cationic adds. As Table III shows glycine satisfies all these con¬ 
ditions. The p% i is higher in alcohol than'in water, but the difference is 
smaller than with ordinary adds; pn, is nearly the Bame for both solvents,' 
iLe., the difference between pn, for alcohol and for water is relatively smaller 
than it is for cationic adds. 


Table 111.—Glycine and Aminobenzoio Add. 



Fig. 3 represents the titration of glycine, the acid part of the carve ie similar 
to that of an ordinary acid, but the difference between the alcohol curve end 
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the water carve is not so large as for ordinary acids like acetic acid, fig. 1. 
The alkaline range of the curve is more like that of a cationic acid. But 
whereas with a cationic acid such as NH 4 + , fig. 1, the alcohol curve is below 
the water curve, here both curves are close together. These facts are in 
accordance with the theoretical considerations in the introductory part of 
the paper. For glycine p^ corresponds to the, dissociation of the carboxyl 
group, whilst ps^ corresponds to the dissociation of the amino group. 

In Table IV are shown the detailed results of the titration of glycine in 
alcohol, in order to illustrate the methods which have been used for the esti- 


Table IV.—Titration of 0'01 M Glycine in 20 c.c. of 90% Alcohol. 

Temperature 18°. 



mv. 

IV 


A . 0-UVHca— 

0*2 c.o. HCI . 

ASS 

6-08 

4-13 

0-4 „ . 

617 

4*72 

4*12 

0-5 „ . 

608 

4*66 

4*10 

o*e „ . 

002 

4-46 

4*10 

0-7 „ . 

497 

4*37 

4-10 

0-8 . 

492 

4-28 

4*10 * 

0*9 . 

487 

4*20 

4*11 

1*0 „ . 

482*6 

4*12 

4*12 

1-2 . 

473 

3*95 

4*12 

I *3 . 

468 

3*86 

4*10 

1-6 . 

468 

3-69 

4*11 

1-7 . 

448 

3*62 

4*16 

1-8 f> . 

443 

3-43 

416 

1*9 „ . 

438 

3-34 

4-12 

2*0 „ . 

433 

3*26 

— 

2*1 „ . 

427 

3*16 

— 

2*2 „ . 

420 

3*03 

— 

B. 0*09 H N*OH— 

OSo.c.NaOH . 

774 

0*10 

908 

0*4 „ . 

786 

9*40 

10-01 

0-5 „ . 

793 

9*62 

10-00 

0*6 „ . 

799 

9*62 

9-99 

0*7 „ . 

806 

9*72 

9-98 

0*8 „ . 

• 810 

9*79 

0-97 

0-9 „ . 

8166 

9*90 

10*00 

1-0 „ . 

820 

0*99 

10-00 

M „ . 

826 

1007 

9-90 

1-2 „ . 

830 

10*17 

10-00 


840 

10*36 

10-00 

i-5 ” ZZZZ.Z 

848 

10*47 

10*01 

1*6 . 

864 

10-68 

10-00 

1*7 „ . 

861 

10*71 

9-99 

1*8 „ . 

872 

10-00 

9*99 

1*9 „ . 

886 

11*12 

(9*88) 

2*0 „ . 

910 

11*60 

—• 

2*1 „ . 

990 

12-26 

— 

as „ . 

991 

12*96 

— 

2-3 . 

1010 

13*29 

~ 
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matron of titration constants in this paper. It must be pointed out that then 
exists in solution an equilibrium between zwitterionie molecules and non- 
xwitterionio molecules. The concentration of the non-switterionio form in 
water is very small; according to the calculations of Myamoto and Sohmidt 
(1932) the ratio is probably about 1 to 10 6 . In alcohol the concentration of 
the non-switterionio form is certainly higher (see also Ebert, 1926), but never¬ 
theless the zwitterionic form also predominates here, as can be shown by 
determining the temperature coefficient of the two p K . The p K of a carboxyl 
group does not change notioeably with the temperature while the p K of an amino 
group changes considerably. Table III showB that the values of pc, measured 
at 0° and at 18° do not differ; the difference between the two values of pc, 
is large and indicates that in alcohol the rwitterionio form also predominates. 

Another point must be taken into account: since amino-acids cause the 
dielectric constant of water to be increased it is possible that this effect also 
takes place in the case of aqueous alcohol. Hedestrand (1928) found that the 
addition of neutral salts to an aqueous amino-acid solution reverses this effect 
and lowers the dielectric constant of the solution even below the value of the 
pure solvent; the influence of the addition of lithium ohloride on the p c of 
glycine was therefore investigated. But Table III shows that the differences 
are within the limits of experimental error and may be due to the alteration of 
the ionic strength of the solution. 

Table V indicates that p K , of all amino-acids, which according to the 
switterion theory corresponds to the carboxyl group, shows the same behaviour 
asps, of glycine. The values in alcohol are higher than in water, the differences 
vary generally between 1 ■ 60 and 1 *79 units. It is peculiar that with histidine 
and tyrosine the differences are small; figB. 4 and 8 illustrate this. It can be 
seen that in aloohol the conditions for the titration of the carboxyl group are 
much more favourable than in water, because the blank-correction is not 
so large. The dissociations of all a-amino-groups, p*, of alanine, tyrosine, 
lysine, arginine and px, of glutamic acid and histidine resemble that of the 
amino group of glycine. Alanine has about the same values as glycine. It 
has been already mentioned that tyrosine, fig. 4, has a relatively low pc, in 
alcohol, possibly because the switter-form is practically insoluble in 90% 
alcohol, and this is also the reason why only a part of the curve in alcohol can 
be presented. 

But the difference between the basic amino group and the add phenolic 
group can be dearly shown. Whilst in water the values and the curves ate 
vary dose to each other, in alcohol, even if it is not possible to calculate p*,, 
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fig. 4 shows that the curves are quite distinct; this proves the assumption 
that pK t corresponds to the amino group and pc, to the phenolic group. Fig. 5 
represents the titration of a dicar boxy lio acid. The differences in the p K 
values of both carboxyl groups in aloohol and water are about the same. In 
lysine, fig. 6, both amino groups show the same basic characteristics. The 


Table V.—Temperature 18°. 



Water. 

Alcohol. 

Difference. 

Alanine— 




Si 

2-48 

*•27 

+ 1-79 

9-90 

10*09 

+0-13 

Tyrodne— 




^ . 

2*35 

3*38 

+1*03 

*«. . 

, 9-18 

— 

—■ 

10*1 

i 

12*5 

+ 20* 

Glutamic add— 




. 


3*80 

+1-05 


5*70 

+ 1-42 

. 


9*85 

+0-15 

Lynne— 



+1-73 

" 

1 

3*93 

9-18 

9*38 

+0-18 

. 

10 78 

10*92 

+0-1* 

Arginine— 

1-76 

2-88 

+1-12 

Pw . 

. 

9*25 

9-2* 

-0-01 

12-75 

13*00 

+0-25 

Hiitidine— 




P K .... 

1-76 

2-88 

+ 1-12 

5*-. 

. 

5-99 

6-10 

+0-11 

9-30 

9*28 

-0 02 

ProUne— 




. 

2*00 

3*70 

+ 1-70 

10*82 

10-55 

—0-07 

Hydroxypruline— 

1*95 


+ 1-60 

£«.. 

. 

3-50 

10-00 

10-10 

+0-10 


titration constant of the guamdino group of arginine, fig. 7, as a basic group 
has similar numerical values for aloohol and water; but owing to the fact that 
the whole p ^range is enlarged in alcohol the blank correction is much less 
and the curve is more clearly defined. In histidine, fig. 8, the p K of the glyoxa- 
hne group shows only a slight difference in aloohol and water in accordance 
with its basic character. 







Fib. 4.— -Tyrosine, dlnodinm **lt. O Alcohol ;• water; ■ water correction. 
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A. Nenhogff. 

From the values for proline, fig. 9, and hydroxyproline it can be shown that 
imino-acids are also zwitterions. The values of px, in alcohol and water for 
both theae adds show that they correspond to the carboxyl group whilst 
is the constant of the imino group. 



General Discussion. 

It seems necessary to emphasize the general importance of titrations in 
aqueous alcohol and the comparison of these alcoholic curves with the corre¬ 
sponding curves for aqueous solutions. 

First of all the whole Pn range becomes larger with decreasing dielectric 
constant and therefore very weak adds which are difficult to titrate in water 
in a satisfactory manner are easily titrated in aqueous alcohol. Examples are 
the titrations of the a-amino group, figs. 3 to 8, the imino group, fig. 9, the 
•-amino group, fig. 6, and to some extent the guanidino group, fig. 7. Secondly, 
the different behaviours of basic and add groups which are found when the 
dielectric oonstant of the solution is changed enables us to separate groupa 
whose dissociation constants are very dose together and this point has some 
importance for the interpretation of dissociation constants (see Richardson 
1933) and for analytical purposes. An example in this paper is tyrosine 
fig. 4. 

The application of the zwitterion theory to the methods of determining 
amino groupa or carboxyl groups in proteolytic studies has been made bj 
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Richardson (1934). The alcoholic titration of Foreman (1920) and Will* 
stfttter and WaHsohmidt-Leits (1921) is an estimation of the a-amino group. 
The discussion as to whether the addition of alcohol causes an increase of the 
acidity of the solution has no real significance because the “ acidity ” of an 
aqueous-alcoholic solution is an arbitrary magnitude. 

In comparison with an ordinary acid the dissociations of all cationic acids 
and basio groups are higher in alcohol; only in this sense is it possible to 
speak of a stronger acidity in alcohol. 

The advantages of the application of alcohol in estimating amino groups are 
twofold. Firstly, whereas in water the p K of the amino groups is so high that 
it is difficult to titrate them, in alcohol the conditions are more favourable; 



the numerical value of the p K remains about the same as in water on account of 
the zwitterionic character of the amino-acids and the p H range becomes much 
larger which makes the titration more satisfactory. Secondly, other groups, 
e.g. t the phenolic group, which disturb the titration in water cannot have that 
effect in alcohol The Linderstrem-Lang (1928)* titration is an estimation of 
the carboxyl groups and is also connected with the zwitterionic character of 
the amino-acids. The carboxyl groups are very acid in water and the acidity 
decreases with the lowering of the dielectric constant of the medium. If the 

* Iinderstram-Lang in his paper also gives a theoretical explanation whioh takes the 
rtlsl a o trio constant into aoooont. 
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amino-adds had not a awitterionio character the oonditionfl would be aa un¬ 
favourable as they are in water. 

It is my intention to apply these electrometric titration methods to pro¬ 
teolytic investigations. 

1 wish to express my gratitude to Professor G. R. Harington, F.R.S., 
for his continued interest and to thank the Academic Assistance Council 
for a personal grant. 


(1) It has been shown that the acid-base theory of Bronsted can be made 
the basis of a simple theoretical treatment of the constitution of ampholytes. 

(2) A technique has been developed by which aqueous-alcoholic solutions 
of amino-acids may be titrated eleotrometrioally against a standard aqueous 
calomel electrode with very little interference from liquid junction or phase 
boundary potentials. 

(3) Although the system used cannot be thermodynamically defined it is 
capable of showing clearly the variation in the behaviour of acidic and basic 
groups in relation to the dielectric constant of the solvent. 

(4) The results obtained by this method give strong support to the zwit- 
terionic theory of the constitution of amino-acids. 

(5) The importance of electrometric titrations in aqueous alcohol for 
volumetric purposes and for the interpretation of dissociation constants has 
been pointed out and the basis of the existing volumetric methods of estimation 
of amino-acids has been discussed in the light of the facts revealed by the 
titration curves. 
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Nerve Heat Production as a Physiological Response to Excitation. 

By A- V. Hill, F.R.S., Foulerton Research Professor of the Royal Society. 

(From the Department of Physiology and Biochemistry, University College, London.) 

(Received February 27, 1934.) 

For many years attempts were made to reoord the onergetio and metabolic 
changes in nervo associated with activity. Since 1926, when the heat pro¬ 
duction was first measured, a considerable amount of work has }>ecn published 
on the chemical and thermal changes and on the oxygon consumption and 
carbon dioxide production caused in nervo by stimulation. The regularity 
of the results obtained under all kinds of conditions (e.g. f of frequency and 
duration of stimulus, of temperature, of the presence and absence of oxygen) 
and the general agreement between heat and oxygen measurements on the 
one hand and the electric response on the other, seemed to give assurance 
that a genuine physiological characteristic was being investigated. It has, 
however, been persistently objected by H. Winterstein that the increase ob¬ 
served, as the result of electric excitation, in the metabolism of nerve is simply 
a direct consequence of the electric current passed through it and has nothing 
whatever to do with the normal process by which the impulse is propagated. 
This drastic view has been embodied in a text-book article (1932) in whioh 
11 the regrettable conclusion ” is reachod that “ the wonderful technique ** 
developed for studying the heat production of the nervous system has led to 
no results of value as to the energetics of the physiological process of excitation. 

The experiments on which this opinion is based have been criticized in detail 
by Gerard (1932, where full references will be found), by Meyerhof and Schulz 
(1930), by Schmitt (1933), by Hill, Fenn and Gerard (1934), by Harashima 
(1933), by Gerard and Hartline (1934), and by Hill (1932, a, b). It can 
easily be calculated, moreover, that in the later experiments by Winter- 
stein and his colleagues (e.g. t Ledebur, 1933) on “ reflex excitation ” the method 
employed was so unreliable and the quantities to be observed so small that the 
negative results found were to be expected in any case. Sinoe, however, the 
41 regrettable conclusion ” might, in spite of the evidence, confuse the issue 
the experiments to be described have been made in the hope of deciding the 
matter. 



Nerve Heat Production. 
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The heat production of stimulated nerve, in all the latest experiments (Hill, 
1633; Bugnard, 1934; Bereaina and Feng, 1933), was measured in a region 
of nerve the nearest point of whioh was 35 to 40 mm. below the stimulating 
electrodes. The stimuli were oondensor discharges of known time characteris¬ 
tics, approximately “ optimal," and they were always somewhat submaximaL 
Between the stimulating electrodes and the thermopile was a large silver 
block on which the nerve lay in a groove, and in many of the experiments 
this block was earthed. The electrodes were about 2| mm . apart (see fig. 1). 
Under the circumstances it was very improbable that the stimulating current 
would spread 40 to 65 mm. to the nerve lying on the thermopile, and with such 
strength and regularity as to produce, simply as an artefact, the very consistent 
results recorded. 

It was not difficult, however, to test the possibility by stimulating (a) at 
olectrodes closer to the thermopile, and (b) at more distant electrodes, and 
comparing the results. When the silver plate (fig. 1) alono was earthed there 
was no chance of the stimulating current spreading beyond it to go to earth; 
it could go beyond it only in the outer fringe of a distribution of closed current 
lines around and between the electrodes. The density of this outer fringe of 
current must fall off extremely rapidly at greater distances from the electrodes 
—as docs the magnetic field round a small magnet, which at points along the 
axis varies inversely as the cube of the distance. Hence, by using a pair of 
electrodes closer to the thermopile the current-spread to the nerve in the region 
investigated would bo greatly increased, and a greater thermal response 
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obtained. If reduoing the distance had no effect on the heat production it 
would be diffioult to attribute the latter to current-spread, or indeed to any 
Aired (as distinguished from transmitted) effect of the stimulus. 

A thermopile was prepared as in fig. 1, with a pair of adjustable electrodes 
(1) and (2) generally used at a distance of 36 to 40 mm. from the nearer end 
of the thermopile, and a third eleotrode (3), whioh, with the edge (4) of the 
silver block, could be used as a second pair at about half the distance from the 
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nearer end of the section of nerve in which the heat was measured. The 
nerves stretched about 7 mm. above (1) (2), so that stimulation occurred 
well away from the cut end. Their lower ends reached just beyond the fixed 
electrode (6) which, with the edge (5) of the block, was used only for calibration 
and otherwise was disconnected. 

In no experiment was any significant difference found, applying the same 
stimulus (a) at (1) and (2), and (6) at (3) and (4). With alternating shocks 
and with one-way shocks the results wore identical. It might be argued that 
the shocks applied were enormously supermaximal for most of the fibres and 
so could produce a maximal artefact oven at a considerable distance. This 
was tested by finding the relation between response and strength of stimulus 
(a) at electrodes (1) and (2), and (b) at electrodes (3) and (4). The results are 
given in Table I. The stimulus was altered by changing either its voltage 
(January 3 t January 1) or its capacity (January 8). It is evident that the 
relation between stimulus and response was practically the same whichever 
pair of electrodes was used; so far as there was a difference at all, the greater 
response was obtained from the more distant electrodes. 

When a response is about half maximal, its size is very sensitive to small 
changes in the stimulus. In spite of this, Table I shows that from a given 
stimulus practically the same response was obtained from both pairs of elec¬ 
trodes. With the sub-maximal stimuli, were the response observed due to 
any direct effect of the stimulating current it could not fail to be greater from 
the nearer electrodes. The results, however, axe simply and naturally explained 
if we regard the observed response as due to a propagated disturbance. 

The observed heat, therefore, is due to a propagated and not to a direct 
effect of the stimulus. It remained, however, to establish the heat production 
as a normal physiological factor, namely, to show parallelism under certain 
critical circumstances to other known characteristics of nerve response. The 
power of a propagated impulse to initiate muscular contraction is universally 
admitted as a normal physiological function ; and it is too late to-day to deny 
the existence of the action potential accompanying the propagated disturbance 
as a normal effect of a natural ” stimulus. It was required, therefore, to 
find some characteristic of the heat production of nerve which would allow it 
to be compared (a) with the mechanical response and (b) with the action current. 
With the latter, as a matter of fact, it has already been directly compared by 
Gerard, Hill and Zotterman (1927): as the frequency of excitation was altered 
the heat production in a short stimulus varied in the same way as the total 
electrical response. 
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A direct comparison, however, between nerve heat and muscular response 
was not possible owing to two circumstances: (a) the nerve heat is so small 
that a prolonged stimulus must be given and the muscle responding to this 
stimulus would then be soon fatigued; (b) the muscle itself liberates so much 
heat that if it were in the same chamber attached to the nerve the heat from 
it would entirely mask that due to the nerve itself. A characteristic therefore 
was chosen which enabled an indirect but very pertinent comparison to be 
made between the three different effects, namely, the time factor in excitation. 
If we could find the relation, for a given response of any kind, between the 
strength of a stimulating shock and its duration, and if this relation.proved to 
be the same for two or more different forms of response, we could naturally 
assume that these were intimately connected. To be specific, if the strength- 
duration curve for nerve exoitation were found to be the same when the response 
looked for was heat, as when the response looked for was a muscular contraction, 
it would be very difficult to deny that the heat was directly associated with the 
process by which the impulse was transmitted which caused the muscle to 
contract. 

In fig. 2 (upper) is shown a series of eight curves relating the heat response of 
nerve in a 20-second stimulus to the time of discharge of the condenser used 
for stimulation. The experiment was made at 25° C. on Hungarian frogs 
acclimatized to that temperature. Each observed point as plotted represents 
the sum of the two responses in a series starting at the lowest voltage and 
working up to the highest and back again. No point has been omitted. One¬ 
way shocks were applied between electrodes (1) and (2), the cathode being at 
(2). The frequency 303/acc. was constant throughout. The electrodes had 
a 600-ohm shunt, which, with the series resistance and the measured resistance 
of the nerves, gave a total discharge resistance for the condenser of 608 ohms. 
This resistance was constant throughout and the time of discharge was varied 
only by varying the capacity of the condenser. 

Each curve represents a different voltage. The right-hand curve was for 
1 *40 volts and the response was observed for six different capacities in increasing 
size. The voltage was then changed to 1*82 and the response measured with 
seven different capacities. The voltage was then altered to 2*39 and the 
response to eight different capacities found. The process was continued with 
3*24 volts, 4*28 volts, 5-92 volts, 8*58 volts and 12*26 volts, the same being 
then repeated in the reverse order. The means were plotted, the response 
being regarded as a function of the logarithm of the time of discharge of the 
condenser. If F microfarads be discharged through R ohms then the oharge 
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has fallen to 1/e of its initial valne in a time RF millionths of a second. For 
simplicity we will call the time required to discharge to 1 /e of the initial valne 
the “ discharge time ” ; when log RF =* 3 the “ discharge time ” is 1 <j. 

The advantage of logarithmic plotting is two-fold: (1) it enables all the 
curves to be drawn on the same diagram and to appear not only of about the 
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In the upper curves of fig. 2 we have all the information required to plot the 
" strength-duration curve ” for any size of response. As usually defined, the 
strength-duration curve is recorded for a minimal muscle twitch: there is no 
virtue, however, in a minimal response—any constant response is as good. 
From the upper half of fig. 2 we may read off, for any given size of thermal 
response, the relation between the voltage and the discliarge time, and this 
has been done in the lower half of the figure for four different heights of response. 
The lowest curve relates the logarithm of the voltage to log RF for a response 
of 15 mm. The eight circles are derived from tho eight curves in the upper 
half of tho figure. For a greater response a greater capacity is required for a 
given voltage, a greater voltage for a given capacity. Consequently the 
strength-duration curve for 30 mm. response lies above that for 15 mm. response. 
Similarly the curve for 45 mm. response lies higher again, and that for 60 mm. 
still higher. 

It will be noticed that log V is plotted on twice the scale of log RF. It is 
a valuable characteristic of these curves, as Rushton has pointed out (1931, 
p. 286), that the " optimal ” stimulus, t.e., the stimulus of minimum energy, 
lies at the point where, with this scale of plotting, tho curve has a slope of 
45 degrees. In order, therefore, to obtain the optimal stimulus from these 
curves, all that is necessary is to place a parallel ruler on the diagram at 45 
degrees to the axes, to move it forward and to mark the point at which it 
touches the curve. Such points are marked in fig. 2 by the four vertical 
lines crossing the curve and the arrow represents the mean of tho four. The 
optimal stimulus here is such that log RF = 1-74, the half-discharge time of 
the condenser therefore being 0*038 cr. 

It might have been Buspectod that the frequency would influence the shape 
and not only the size of the response-oapaoity curve given in the upper 
part of fig. 2. This is not noticeably so. In the small figure inset, two 
response-capacity curves are shown for two very different frequencies, 
namely, 90/sec. and 700/sec. respectively. For each the response is 
plotted as a function of log RF. The two curves are of the same shape 
but, of course, of different heights, tho higher frequency giving the 
greater response. 

It is not possible with nerve heat to oontinue the strength-duration curve 
to the extreme right. In order to obtain a sufficient response in a short 
Stimulus it is necessary to employ rather a high frequency, and with one-way 
shocks from a commutator not more than about 40% of each interval is available 
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for the discharge. This, therefore, has to be rather rapid or else it will not 
be complete in the interval of contact. If a lowot frequency could be employed 
the strength-duration curve could be taken to considerably longer times. This, 
however, would not affect the determination of the optimal stimulus which, 
as Waller pointed out many years ago (1899) and as Lucas emphasized (1900, a, 
1906, b), is an indicator of the time factor in excitation. (See also Cybulski and 
Zanietowski (1894)). The “ excitation time 99 (or the “ chronaxie ”) is another 
quantitative expression of this same factor, but it has no advantage in principle 
over the duration of the optimal stimulus, so that the optimal stimulus, being 
more easily determined in tho present case, can be taken as the indicator wo 
require. It is simplest to express it by its logarithm, namely, as log RF for 
the stimulus of minimum energy. This is read off directly with the aid of a 
parallel ruler from such curves os those in the lower part of fig. 2. 

There is nothin# in tho theory of excitation to suggest that the energy as such playB any 
•peoiAo role. Its choice is just as arbitrary as that of the factor 2 in the definition of the 
chronaxie. Tho quantity FV n has a minimum for any value of n loss than (about) unity, 
and the value of RF for which FV" is a minimum oan be used as a measure of tho time 
factor in excitation. The “ optimal ” stimulus is that for which n = 2. It might in feet 
be better to adopt another value, e.g., n -= 3, and to find RF, for FV a to be a minimum. 
This ooiild be road off on tho log V - log RF curve from the point at which d log Vjd log 
RF =s — 1/3 ; or, since the scaio of log V in the figures is twice that of log RF, from the 
point at which the negative slope is 2/3. The point would be more to the right than for 
the “ optimal ” stimulus, and so on a rounder part of the curve whero it oould be deter¬ 
mined with a parallel ruler with greater accuracy. 

Several other experiments of this kind have been made. One of these is 
shown in detail in fig. 3. Hungarian frogs were acclimatized to 37° C. by 
keeping them for several days at a high temperature. Tho heat production 
was measured by the maxi mum deflection in a 16-second stimulus. The 
frequency was 360 one-way shocks per second at electrode (2). Tho total 
resistance of tho discharge circuit of tho condenser was 292 ohms, being mode 
up of a 405 ohms shunt across nerves with a measured resistance of 1050 
ohms. Various voltages were taken from 0*82 to 12*2, and for each voltage 
the response was found for a series of different capacities. As before, in the 
upper half of the figure, the response is plotted as a function of log RF. On 
the diagram a horizontal line is ruled at a height of 25 nun At the points 
where this line crosses the several curves, volts and log RF can be read off for 
the given response. Log V is plotted against log RF in the right-hand bottom 
part of the figure (hollow circles). Here the optimal stimulus is for log RF =» 
1 - 76 . 
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In the same diagram is given another curve (solid circles) for an experiment 
made under exactly similar conditions at 32°. The total resistance of the 
discharge circuit was 175 ohms, 16-Bocond stimuli were provided with a 
frequency of 550 one-way shocks per second, and the plotted curve gives an 
optimal stimulus at the arrow with a log RF = 1 -84. 

There is another way in which the optimal stimulus can be determined from 
the data, namely, by reading off from each curve in the upper part of the figure 



the response for which FV* has a certain constant value. FV* is proportional 
to the energy of the stimulus, and if FV* be given any particular value, e,g., 
1*24, then for each value of V the value of F can be calculated and so the 
point determined for which the response is required. This method has been 
employed for a number of different values of FV 1 to construct the diagram in 
the lower left-hand side of fig. 3. The curves there given are exactly similar 
to those in a previous paper (Hill, 1932, b, p. 125) and the optimal stimulus 
obtained from than must, if the calculation and plotting be properly carried 
out, be the same as that found with the parallel ruler on the other type of 
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curve. Fig. 4 shows a much better example of the same curves, derived in 
this case from the experiment shown in fig. 2. The optimal stimulus is not so 
accurately determined from these curves as from those of fig. 2, but the value 
shown by the arrow corresponds to log RF = 1*80 which is not far from the 
mean value 1 * 74 found from fig. 2. 

The same procedure can be carried out for the electrical response. With 
the assistance of Mr. Donald Scott the experiments were mado which are 
shown in figs. 6, 6 and 7. A nerve was mounted in a paraffin wax chamber and 
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a monophasio response recorded with the aid of calomel electrodes and a 
Downing moving magnet galvanometer of high resistance. The stimulating 
electrodes wen aimiUr to those used in the nerve heat measurements and were 
at a similar distance from one another. The commutator, the condenser, the 
short circuit series resistance, were all arranged as in the nerve heat 
measurements. A short stimulus was applied to the nerve (about 2 seconds) 
and the electric response read on a scale. In the upper half of fig. 5 the 
frequency was 51/sec. one-way shocks, in the lower half 229/sec, 
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At the lower frequency eight values of the voltage wen chosen from 0-8 
to 12 *7, and with each the capacity was varied so as to get responses above and 
below the chosen value of 50 mm. on the scale. The relation between response 
and log RF is shown in the figure. It is clearly identical in character with 
that obtained using the thermal response os an indicator. A line is ruled 
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across the diagram at a height of 50 mm. and for the given response log RF 
can be read off for each voltage. Log V is plotted against log RF in fig. 0 
(curve 1) and we see a relation exactly similar to that in figs. 2 and 3. For the 
higher frequency the response-log RF relation is given in the lower half of 
fig. 5. With the higher frequency the response was much bigger, and the 
upper part of each curve was not taken, so that the eurvee appear to be of a 
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different shape. This is dae simply to the fact that their tops are not 
included. Here again a line is ruled across the diagram at a height of 80 mm 
and for the given response and each voltage the value of log RF is read off. 
In this way a log V-log RF relation is found which is plotted in fig. 6 (curve 2). 

For these two curves the optimal stimuli oan be read off at the two arrows. 
The mean for log RF is about 2*4; this is greater than for the heat measure¬ 
ments, partly at least because the temperature, 18*6° C., was considerably less. 



It now became evident that the same experiment could be performed on 
the electric change very much more quickly and simply by continuous stimula¬ 
tion. The commutator was set running and the condenser adjusted to a very 
small value. The voltage was then increased until, with the stimulus con¬ 
tinuously running, a given sixe of the electric response was obtained on the 
soale. The capacity was changed and the voltage adjusted to give the same 
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response. The capacity waa again ohanged and again the voltage adjusted, 
la this way in a very few minutes a complete ourve oould be made, running 
over it from one end to the other and back, during continuous stimulation at 
any desired frequency. The method opens up possibilities whioh will be 
developed by Mr. Scott in a subeequentc ommunication. In fig. 6, curve 3 waa 
obtained by this method, the nerve being stimulated with one-way shocks at 



59/seo.; the optimal stimulus shown by the arrow is in the same region as that 
found by th6 other method. 

Fig. 7 shows another experiment made in the way just described. At about 
18°, again with the assistance of Mr. Scott, the nerve was stimulated con¬ 
tinuously at the frequency shown; the capacity was ohanged and the voltage 
was adjusted to give a constant deflection on the scale. The different curves 
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an not for the same deflection and are not therefore directly comparable. 
The nerve had, in series with the stimulating electrodes, a resistance of 47,900 
ohms, and across this and the electrodes was a shunt of 1087 ohms. The lowest 
curve was the mean of two series in opposite diroctions; the middle curve was 
the mean of four series, two in each direction, all taken in 30 minutes; the 
top curve was the mean of two scries in opposite directions taken in 15 minutes. 
The optimal stimuli, determined as before with a parallel ruler, are in the 
neighbourhood of log RF = 2*25. This again is higher than in the heat 
production experiments owing to the lower temperature. 

Finally an experiment was made on the mechanical response of a muscle 
stimulated with single condenser discharges. Owing to the rapid onset of 
fatigue continuous stimulation was not possible for muscle, but only single 
twitches. These were recorded by a photoelectric? arrangement similar to that 
described by Kamada (1932). The area of the isometric twitch was read 
directly on a galvanometer scale, which is much more convenient than allowing 
the twitch to be recorded on smoked paper and then later reading it oS. Hero 
also the response is plotted in the upper part of the fig. 8 as a function of 
log RF. Eight voltages were chosen (0*7 to 5-02) and for each of these the 
capacity was given a series of different values so as to bracket the required 
response (30 mm. on the galvanometer scale). The experiment was carried 
out at about 23° C.; the nerve on the electrodes had 47,900 ohms in series with 
it, and the whole was shunted with 5010 ohms ; a single condenser discharge 
was given by depressing a Morse key. 

From the curves in the upper part of the figure the relation can bo road off 
between log V and log RF for a given response in the same way as before. 
The upper curve in the lower half of the figure shows the result obtained ; the 
lower curve was similarly obtained in another experiment at about tho same 
temperature. The height of the curve depends upon such factors as the value 
of the series resistance and shunt. The form of the curve is a property of the 
nerve. The two curves are of the same shape as those found for the electric 
change and for the heat production. The optimal stimuli in the two curves are 
for log RF *2'1 and 2-3 respectively. 

The electric change and the heat production are recorded for all the fibres 
of the nerve, afferent and efferent alike; the mechanical response is recorded 
only for the motor fibres. The fact that the optimal stimulus for the twitch 
has a log RF slightly greater than for the heat production at nearly the same 
temperature may be due to this. In any case the divergence is comparatively 
•mall and there is no doubt that the form of the ourve is the same. 
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Minor differences, therefore, there may be between the strength-duration 
curves obtained for the three different forms of responses. The fibres which 
give the greatest heat may not give the greatest electric change, nor may they 
be responsible for the muscular contraction. Each method of recording the 
response lumps all the fibres together with different weighting factors which 
may not bo the same in the different types of response. There is no doubt. 



however, examining figs. 2 to 8 that the time characteristic of excitation when 
the thermal response is considered is similar to and almost quantitatively the 
same as that obtained by examining the electric change or the muscular response. 
If the heat production be an artefact it is in the same case as the mechanioal 
response and the electrical response. One cannot conceive the possibility 
that the single relation found for all three in figs. 2 to 8 should be due to chanoe. 
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Summary, 

(1) H. Winterstein has insisted that the oxygen consumption and the heat 
production found in electrically stimulated nerve are not due to a transmitted 
phyaiological effect (the impulse), but to a direct effect of the current on the 
nerve. 

(2) The heat production is measured in a region of nerve 37 to 63 mm. 
distant from the stimulating electrodes, protected from current leak by an 
intermediate connection to earth. If current-spread were the cause of the 
observed heat it could only be in the outer fringe of a system of closed current 
lines round the electrodes, and the shocks would have to he enormously strong. 
In that case placing the electrodes nearer the section of nerve examined would 
greatly increase the effect. As a matter of fact, the heat is unchanged, and the 
relation between heat and strength of stimulus is unchanged when the distance 
of the electrodes is halved. The observed heat therefore is duo to a transmitted 
and not to a direct effect. 

(3) The electric change of nerve, and the mechanical response of muscle 
indirectly excited, are admittedly due to the transmitted impulse. They are 
normal physiological effects, the same whether stimulation be natural ” or 
" artificial. 1 ’ When they are produced “ artificially ” by electric excitation 
there is a well-known relation between the strength and the duration of the 
individual shocks. The M excitation time ” and the “ optimal stimulus ” 
are well-defin<sd quantities. The same relation exists, and the same quantities 
are found, for the heat production. It would be very strange if an electrical 
artefact had so characteristic u property in common with two known forms of 
physiological response. 

(4) The heat production, therefore, like the electric change, is a normal 
property of the transmitted nervous impulse. 

(5) A method is described by which the strength-duration relation for 
electric excitation can be determined for any nerve, motor or otherwise, during 
continuous stimulation at any frequenoy, 
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The Action of Potassium and other Ions on the Injury Potential and 
Action Current in Maia Nerve. 

By S. L. Cowan.* 

(From the Department of Physiology and Bioohemiatry, University College, London, and 
The Marine Biological Laboratory, Plymouth.) 

(Communicated by A. V. Hill, F.R.S.—Received March 2, 1934.) 

The electric currents in living tissues have interested physiologists ever 
since their existence was proved by Du Bois Reymond, but little was done 
towards explaining their origin and magnitude on a quantitative physico¬ 
chemical basis before the pioneer researches of J. 8. Macdonald. Work previous 
to Macdonald's has been discussed fully by that author (1902), hence it will 
not be mentioned here. 

Macdonald found that the injury potential of medullated nerve, either frog’s 
or mammal’s (1900, a, b ; 1902), could be given a value greater or smaller 
than the normal by simply altering the concentration of the solution in contact 
with the external surfaces of the fibres. He showed that solutions of NaOH, 
HQ, NaCl, or EC1 affected the potential according to their concentrations 
and that the relationship between the two variables was a logarithmic one, 
which fact was in agreement with the then new theory of concentration cells 
developed by Nerost. Macdonald went on to point out (1902) that the effects 

* Part of the work described here was done during the tenure of a personal grant from 
the Medioal Research Council. 
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of potassium chloride solutions were particularly interesting, and to suggest 
that the difference between the concentration of potassium in the axis cylinder 
of the nerve and in the surrounding blood or salt solution was wholly responsible 
for the observed injury potential Over a wido range of concentration, 1/8 
to 1 molar, he demonstrated that there was very nearly a linear relation between 
the injury potential and the logarithm of the potassium ion concentration. 
However, since he simply varied the concentrations of his electrolyte solutions, 
and made no effort to maintain them isotonic with blood by the addition of 
a non-electrolyte, exception might be taken to some of his results on the ground 
that the effects were due in part to the passage of water into or out of the nerve 
with a consequent dilution or concentration of the plasma.* Inspection of his 
results (1902) leaves little doubt that his experiments were complicated to 
some extent by such osmotic phenomena, and that his partial neglect of them 
led to the impossible value of 3£% when he attempted to calculate, by extra¬ 
polation, the concentration of the potassium chloride solution which would 
make the injury potential of mammalian nerve zero. Unfortunately these 
results led him to assume that such a concentrated solution must also oxist in 
the axis cylinder of the nerve and many of his subsequent experiments (1902 
and 190B) were concerned with locating more precisely this high salt con¬ 
centration, and reconciling its existence with all that was already known about 
osmotic pressure. 

Another difficulty in connection with Macdonald’s experiments is that he 
did not state the condition of the nerves. There is no evidence that they 
were not seriously impaired, or oven killed, by the soaking in the non-phyrio- 
logical solutions before the potential measurements were made. 

Following Macdonald, Beutner (1912 onwards) has done a great deal to 
account for the magnitude and sense of bioelectric potentials, by his experi¬ 
ments and by the construction of models consisting of aqueous solutions 
separated by a membrane, or by a layer of a water-immiscible liquid. He has 
distinguished between two types of system (for references see 1920 and 1933), 
one with a symmetrical and one with an asymmetric membrane. 

For an example of the first type we can cite the system:— 

0*1 N KC1 solution Salicylic aldehyde 0-0008 N KC1 solution 

— containing + 

salioylio acid 

* It might also have been expeoted that with the more concentrated potassium 
chloride solutions, Donnan distributions would affect the observed potentials appre¬ 
ciably. This question is discussed later. 
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which exhibits an e.m.f. of 0‘10 volt. The measured e.m.f. is nearly equal to 
the maximum calculated according to Nemst’s equation 

E = log. C,/C„ 

which at 18° C. becomes 

E = 0*058 log 10 C x /C v 


approximately O'12 volt, when allowance has been made for the difference 
between concentrations and “ activities ” (Lewis and Randall, 1923, chap. 27) 
in the aqueous phases. If, for the slightly acidic water-immiscible phase, a 
slightly basic and still water-immiscible substance toluidine is substituted 
then the e.m.f. of the cell is not only reduced to about one-half of its former 
value but also its sense is reversed. 

A system of the second type, analogous to Cremor’s nitrobenzene chain, is 
the following double membrane cell:— 


+ 

Calomel electrode 
with 0*1 N KC1 


Cresol 


Benzaldehyde 


Calomel oloctrode 
with 0*1 N KC1 


When the two aqueous phases are identical the e.m.f. is (M3 volt. 

Besides the two types of cell described by Beutner a third type is possible 
in which the asymmetry is due to the presence of a non-diffusible ion on 
one side of a membrane separating two electrolyte solutions. The behaviour 
of such systems is embraced in the Donnan theory of membrane equilibria 
(1911). 

Whilst Macdonald (1900, a and b ; 1902) seems to have favoured the view 
that medullated nerve is bounded by a symmetrical membrane his experiments 
are inconclusive, and even if it were possible to avoid the internal short circuit¬ 
ing, which occurs so much more easily with animal tissues than with plant 
cells, e.m.f. measurements would still be inconclusive without knowledge of 
the chemical constitution of the axis cylinder. 

From the observations of Beutner, Osterhout, and other workers it would 
seem that the membranes bounding living cells are more commonly asymmetric 
than symmetrical. Beutner (for references see 1920 and 1933) has studied 
apple peel as an example of a membrane of the asymmetric typo, and more 
recently Osterhout and his collaborators (for references see Osterhout, 1931) 
have shown that the membranes enveloping large single plant oells of Nitdla 
davata and Votonia rnacrophysa are asymmetric. With NUdia both the 
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concentration effect and the asymmetric effect have been investigated on the 
same membrane. The arrangement 


+ 

sap 

(interior) 


protoplasmic wall 


sap 

(exterior) 


gives a potential difference of about 15 millivolts, and if potassium chloride 
solutions of increasing strength are applied in succession to the exterior of the 
cell the “ injury ” potential decreases in steps to zero, and with a further 
increase in the potassium chloride concentration a potential in the opposite 
sense is obtained. 

As non-medullated nervo is so much simpler in structure than medullated 
nerve, and the heat production and electrical changes are so much greater, 
Professor A. V. Hill suggested that it would 1>« worth trying to correlate the 
u depolarization ” of crab's nervo produced by asphyxia or stimulation 
(Furusawa, 1929) with any accompanying chemical changes which might bo 
detected. The work was begun by examining the inorganic ions contained 
in nerve : preliminary analyses showed that potassium is the only cation 
besides sodium present in any considerable quantity and, keeping in mind the 
data summarized above, an attempt to connect this fact with nerve function 
led to the more physiological experiments described in the other sections of 
this paper. 


The Estimation of Potassium and other Substances in Crab*8 Blood and 

Nerve . 

Beoause in January and February, 1932, specimens of Maia squinado were 
not readily available, some preliminary analyses were made with samples of 
blood serum and nerve which had been obtained from five living specimens of 
Cancer pagurus at the Marine Biological Laboratory, Plymouth, and sent to 
London in glass stoppered bottles. Other samples of Cancer blood serum and 
nerve were obtained from two living specimens supplied by a local fishmonger. 
The serum was always poured off from the clot after the freshly drawn blood 
had been allowed to stand for about 15 minutes. 

Blood serum samples of approximately 10 c.c. were weighed into silica 
crucibles and their water contents were determined by drying at 105° C. until 
oonstant weights of residue were obtained- After the residue had been charred 
with concentrated sulphuric acid, and nitric acid had been added nntil all 
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organic matter was completely oxidized, a trace of ammonium carbonate was 
added, the material was heated to dull redness, then cooled and weighed as 
cation sulphates. These were dissolved in hot 0-1 N acetio acid and the 
potassium present was estimated gravimetrically as the sodium potassium 
cobaltdnitrite according to the method described in Treadwell and Hall (1924). 
As the composition of the precipitate varies Bomcwhat under different con¬ 
ditions an empirical factor was found by employing a solution containing 
" analytical reagent ” sodium and potassium chlorides in the amounts in 
which they occur in sea water. The analyses were further oheoked by deter¬ 
mining the potassium content of Plymouth “ outside sea water/ 1 which had 
been collected at the international hydrographical station E.l. The results 
were in agreement with those obtained by Dittmar (1884) for Atlantic sea 
water. 

With seven specimens of Cancer blood the differences between duplicate 
determinations of total solids, inorganic sulphates, and potassium were less 
than 1% of the amount of substance estimated. The extreme values for the 
total solid content of different specimens wore 6*8 and 11*7%, and the mean 
value is 9*7%, when the one low result 6*8% is excluded. In spite of these 
variations in the solid content of different specimens the ratio of the total 
inorganic sulphate residue to the water present was very constant. The 
potassium contents of the samples were also fairly constant, lying between 46 
and 66 mg. per 100 gm. of water (Table I). 

The nerve samples, which had been blotted carefully on “ gravimetric ” 
filter paper (Whatman, 42 which is free from fluff and soluble organic matter), 
were placed in silioa crucibles, weighed, and examined in the same manner as 
the blood samples. The results of duplicate analyses, which also are sum¬ 
marized in Table I, were rather less consistent than for blood, owing to the 
difficulties of isolating nerve free from connective tissue, and on account of 
the variable amounts of water retained, even after careful blotting, between 
the secondary bundles constituting the nerve trunk. 

Four 10-c.o. specimens of Maia blood serum were also examined. The total 
solid and total inorganic cation sulphate contents were similar to those occur¬ 
ring in Cancer blood whilst the potassium content was slightly lower. Two 
samples of Afaia nerve had approximately the Bame potassium content as 
Cancer nerve, Table II. The water contents of the Maia nerves were found 
to be about 1% less than those of the nerves used by Meyerhof and Schulz 
( 1929 ) —probably this is due to the differences in the method of blotting and 
drying. 
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Table I. 

Cancer Blood Serum. 


Specimen. 

Total solids 
per 100 gm. 
of serum. 

Cations as 
sulphates 
per 100 gm. 
of serum. 

, Cations as 
sulphates 
per 100 gm. 
of water. 

Potassium 
per 100 gm. 
of serum. 

Potassium 
per 100 gm. 
of water. 

A 

6*80 

401 

4-29 

0-0480 

0-0616 

B 

10*31 

3*84 

4*28 

0*0460 

0-0602 

0 

11*09 

3*81 

4 31 

0 0432 

0-0489 

D 

9*48 

3*88 

4-29 

0*0602 

0*0064 

E 

8*28 

3*94 

4*32 

0*0420 

0*0464 

V 

8*84 

3*92 

4*28 

0 0606 

0*0564 

G 

9*71 

3*90 

4-36 

0*0446 

0-0494 


Sea Water. 


Specimen. 

Total solids 
per 100 gra. 

Cations as 
sulphates 
per 100 gm. 
of solution. 

Cations os 
sulphates 
per 100 gm. 
of water. 

Potassium 
per 100 gm. 

Potassium, 
per 100 gm. 

of solution. 

of solution. 

of water. 

a 

3-46 

4-17 

4-33 

0*0392 

0*0406 

6 

3-47 

4-22 

4-36 

0*0387 

0*0402 


Cancer Nerve. 


Specimen. 

Total solids 
per 100 gm. 
of nerve. 

Cations u 
sulphates 
per 100 gm. 
of nerve. 

Cations as 
sulphates 
per 100 gm. 
of water. 

Potassium 
per 100 gm. 
of nerve 

Potassium 
per 100 gm. 
of water. 

A 

14-22 

3-71 

4-33 

0-503 

0*681 


13*96 

3-62 

4-22 

0-626 

0*011 

B 

14-31 

3*79 

4*42 

0*491 

0*673 


14*12 

3*72 

4*34 

0-603 

0-585 

0 

13*84 

3*78 

4*42 

0*667 

0*646 


14*07 

3-68 

4*30 

0*664 

0*667 

D 

14*21 

3*79 

4-38 

0-634 

0-623 


14*62 

3*84 

4-44 

0*627 

0-617 


As the methods described above for the determination of potassium were 
rather tedious, and required relatively large amounts of material, it was 
decided to adopt the method described by Kramer (1920) for 1 c.o. samples of 
human serum. It was, however, modified, so as to increase the accuracy and 
reliability, and enable it to be used to measure the rate of leakage of potassium 
from stimulated nerves (see later). 
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Table II. 


Mata Blood Serum. 


Specimen. 

Total solid 
per 100 gm. 
of serum. 

i 

Cations as 
sulphates 
por 100 gm. 
of serum. 

Cations as 
sulphates 
per 100 gm. 
of water. 

Potassium 
per 100 gm. 
of serum. 

Potassium 
per 100 gm. 
of water. 

A 

10-50 

3-83 

4-29 

0 0360 

0-0403 

B 


3-90 

4*32 

0 0392 

0-0428 

C 

mrm 

3-93 

4-30 

0-0413 

0-0452 

D 

mm 

3-89 

4-30 

0-0389 

0-0429 


Maia Nerve, 


Specimen. 

Total solid 
por 100 gm. 
of nerve. 

Cations as 
sulphates 
per 100 gm. 
of nerve. 

Cations as 
nulphates 
per 100 gm. 
of water. 

Potassium 
per 100 gm. 
of nerve. 

Potassium 
per 100 gm. 
of water. 

A 

13-13 

I 3-78 

! 4-34 

0-528 

0-010 


| 13-30 

3-70 

4-26 

0-520 

0-000 

B 

13*27 

3-73 

4-28 

0-508 

0-585 


13-10 

3-79 

1 4-35 

0-514 

0-502 


The modifications were :— 

(а) At least 12 houn were allowed for the formation of the cobaltinitrite 

precipitate since it is not really complete in half an hour. 

(б) The adoption of a smaller Gooch crucible and the reduction in the amount 

of asbestos fibre used. This meant that it was unnecessary to pick 
out the asbestos pad and drop it into the acidified potassium per¬ 
manganate solution; instead the Gooch crucible (1 c.c. capacity) and 
its contents oould be dropped in, eliminating the transfer, a source of 
error since the precipitate floated to the sides unless great core was 
taken. 

(c) The precipitate was washed with 0*1 N acetic acid, in which it is less 

soluble than in water; about 12 c.c. divided into four portions was 
used to wash the amount containing 0*3 mg. of potassium. 

(d) Instead of 0*02 N, potassium permanganate and 0*01 N oxalic acid, 
0-1 N solutions were used. The merit of this was that for the titration 
the total volume of solution was reduced from about 30 c.c. to 3 o.o. 
and the uncertainty of the end point was reduced from 0-00 c.o. of 
0-01 N potassium permanganate solution to 0-001 c.c. of 0-1 N per- 















Injury Potential in Maia Nerve . 


223 


nmnganate solution. Robberg (1920) has pointed out that the use of 
small amounts of concentrated solutions would lead to such an improve¬ 
ment. 

(e) To gain the advantages mentioned in (d) pipetting errors were eliminated 
by the use of the syringe pipettes described by Krogh and Keys (1931). 
These instruments can be adjusted to deliver volumes of about 1 c.c. 
with a reproducibility of 1 in 10,000. Instead of a burette a micro¬ 
meter syringe similar to that described by Trovan (1925) was used, 
but modified so that temperature variations were approximately 
compensated in the same manner as in tbs syringe pipettes. The 
syringe pipettes and tho burette were fitted with glass needles, the cuds 
of which had been drawn out to fine jets. I am indebted to Dr. A. 
Keys for his advice about the use of these. 

With the modifications described above the consistency with which 1 c.c. 
samples of approximately the same concentration could be compared was to 
within about ± 0*5%, but the absolute accuracy of a duplicate determination 
was only to within ± 1% because of the uncertainty of the exact composition 
of the precipitate when it is formed under slightly different conditions. For 
this reason, whonover possible, the determination with the unknown solution 
was checked with a known solution of approximately tho same concentration. 

The procedure was designed for 1 c.c. of crab’s blood serum, or 60 mg. of 
nerve, which amounts could be obtained from a single walking leg of a medium 
sized specimen of Maia . The limb was cut off and the blood from it, except 
for the first few drops, was drained into a small flask which was corked and 
shaken until a clot had formed. Then two or three samples wore measured 
into silica test tubes by means of a syringe pipette, which had been adjusted 
to deliver exactly 1 c.c. The nerve was dissected out (see next soction), 
Washed in sea water, blotted on “ gravimetric ” filter paper, put into a weighing 
bottle, weighed and transferred, along with the washings from the weighing 
bottle, to a silica test tube. Batches of specimens so prepared were dryed 
in an oven, small soda glass funnels were then placed in tho mouths of the test 
tubes to prevent loss of material whilst fuming nitric acid was dropped in. 
When the oxidation was finished the fluid on the funnels was rinsed into the 
test tubes with a few drops of distilled water and the contents were evaporated 
to dryness. One drop of concentrated sulphuric acid was added to each, the 
tubes wore heated almost to redness to remove any excess of acid, and allowed 
to cool, each residue was then dissolved in 1 c.c, of 0*1 N acetic acid, and 



224 


S. L. Cowan. 


transferred with the aid of a few drops of distilled water to a small beaker. 
One o.c. of 20% “ analytical reagent ” sodium oobaltinitrite in 0-1N acetic 
acid was added to each sample, slowly, drop by drop, with continual shaking. 

After the specimens had stood overnight the determinations were made 
according to the following details. By means of a syringe pipette a volume of 
approximately 0*1N potassium permanganate solution exactly equivalent 
to 1 c.c. of 0*1 N oxalic acid solution was measured into a small wide-mouthed 
conical flask and 1 c.c. of 4 N sulphuric acid was added. Then a Gooch cnunhle 
was prepared with a pad of asbestos about 1 mm. thick and washed with 
0*1 N acetic acid. The oobaltinitrite precipitate from one of the samples 
was filtered off and washed carefully with the measured amount of 0*1 N 
acetic acid. The Gooch and its contents were dropped into the measured 
volume of acidified permanganate solution; the flask was shaken until the 
asbestos pad had disintegrated and then it was placed in a boiling water bath 
for 1 minute. At the end of that time 1 o.c. of 0*1 N oxalic acid was added 
from a syringe pipette and the heating was continued until the suspension had 
bcoome quite colourless. Finally, the excess of oxalic acid was measured by 
a back titration with more of the approximately 0*1 N permanganate solution 
from the micrometer syringe. 

The controls with solutions of known potassium content were done at the 
beginning and end of each series of determinations, also blanks with the Gooch 
crucibles and asbestos. 

For illustration the protocol of a duplicate determination of the potassium 
in 1 c.c. samples of Mata blood is given. In Tablo III are the results for the 
potassium contents of specimens of sea water, Mata blood and nerve taken 
in September, 1932, and November, 1933. They are all expressed in grams 
per 100 gm. of fluid, since the specifio gravities of many of the samples were 
determined by weighing them. 

From these analyses it is evident that in each 100 gm. of water in Mata 
nerve there is about 13 times as much potassium as in each 100 gm. of water 
in the blood. The true ratio may well be higher if an appreciable quantity 
of sea water is retained between the bundles of fibres constituting the nerve 
trunk. Also, attention may be drawn to the analyses of Maia blood by 
Leulier and Bernard (1931). They found 0*0486% of potassium in Mediter¬ 
ranean sea water, and 0*0752% in Mata blood. As their values were not in 
agreement with those obtained here the experiments of November, 1933, were 
made to check the previous ones. It may be that the differences are due to 
some environmental factor. 
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Table III. 

Maia Blood Serum and Nerve. 


September, 1932. 


November, 1933. 

Potassium 
per 100 gm. 
of blood. 

Potassium 
per 100 gm. 
of nerve. 

Crab. 

Potassium 
per 100 gm. 
of blood. 

Potassium 
per 100 gm. 
of nerve. 

0-0423 

0-019 

A 

0-0431 

0*529 

0-0392 

0*516 

B 

0*0408 


0-0374 

0*436 

O 

0-0382 

ff ■ S - 1 ".V.' 

0-0408 

0-045 

D 

0-0394 


0-0433 

0*478 

£ 

0-0402 


0-0418 

0-503 

F 

0*0413 

0-538 


Plymouth “ Outside Sea Water.” 


Potassium per 100 gm. of water. 

0 0389 
0*0388 
0 0385 
0*0387 


Specific gravities of 1 o.c. samples of Maia blood at 12*1° C.: 1-0406, 1*0423, 1-0418, 1-0402. 
Speoiflo gravity of sea water at 12 ■ 1° C, l 1 *024. 


Protocol of Duplicate Determination of Potassium in Maia Blood Serum. 

For analysis : Two 1 o.o. samples from specimen C of Maia blood scram, November, 1033. 
Comparison solutions: Three 1 c.c. samples of an artificial sea water containing 0*040 gm. of 
potassium per 100 c.c. of solution. 

The blood samples were ashed and the oobaltinltrite reagent was added to acetic acid solutions 
of the ash, and to the sea water samples. The titrations were performed the following morning. 
The volumes of permanganate solution required for tho book titrations are given below. 


Artificial sea water —• 

5*79 X 0-0970 ** 0*562 o.c. *1 

5*76 X 0*0970 0*559 o.o. V Mean 0-560 o.c. 

5*78 x 0-0970 - 0*560 c.c. J 


Mai% serum — 

5*72 X 0*0970 - 0*555 c.c. \ 

5*77 X 0*0970 0*559 c.c. / 

Blanks, with Gooch oraoible and asbestos but no precipitate— 

^MeanO-031 o.c. 

0*32 X 0*0970 — 0 031 o.o. / m w 
Bpeoifio gravity of 1 o.c. sample of Maia serum i 1 *0402. 


Mean 0*557 c.c. 


100 Bin. of lfataMnim contain {%/%% - %${} gm. of potuaiom 

«■ 0 *0382 gm. of potassium. 


The Effect of Potaeehm and other lone on the Injury and Action Potentiate. 

Method. —For the physiological experiments nerves from the walking legs 
of luge specimens of Maia equinado, which were taken from the Plymouth 
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storage tanks and were neither about to moult nor had just moulted, were 
dissected carefully in the manner described by Levin (1927), but no attempt 
was made to free them completely from connective tissue as this would have 
involved the risk of injury. The nerve was tied at the ends and suspended in 
aerated sea water for about an hour to prevent the reversible inexcitability 
described by Furusawa (1929); it was then mounted in a paraffin wax chamber 
on the floor of which was sea water to ensure against drying, the peripheral 
end was crushed and the chamber closed by a gloss cover sealed on with 
plasticene. Oxygen was passed first through a wash little containing sea 
water, and then through the nerve chamber at the rate of about £ c.c. per second. 

The monophasic action current was led off by two strips of filter paper soaked 
in sea water to small reservoirs of sea water into which dipped the capillary 
tubes from calomel half cells, which had also been made up with sea water; 
from these it went through a variable shunt to a moving coil galvanometer. 
For the first few weeks a Cambridge A and M (short suspension) instrument of 
460 ohms resistance and period 7 seconds was used, but a shunt of 2600 ohms 
in addition to the nerve and calomel electrodes was necessary for critical 
damping, with the result that a good deal of sensitivity was lost. For the 
greater part of the time a special Cambridge A and M instrument, critically 
damped, of 1000 ohms resistance, period 3-8 second, and sensitivity 1 mm. = 
4*10~ 10 amp. at 3 metres, was employed. 

The spot was alwayB perfectly steady and its position could be read to 
0 • I mm. The temperature in the cellar rarely rose above 17° C. in the summer 
and in winter this temperature was maintained within ± 0-5° C. by switching 
on and off an electric radiator. 

In the nerve chamber were two pairs of silver-wire electrodes so that the place 
of application of the stimulus could be varied when it was desired to avoid 
the local fatigue described by I^evin (1927). Between these electrodes and the 
action current leads was placed an additional silver-wire electrode, connected 
to earth to obviate leakage of the stimulating current into the galvanometer 
circuit. 

In the preliminary experiments stimuli were obtained from a Harvard coil 
with the secondary fixed at 9, 2 volts in the primary, and frequencies varying 
from 20 make and break to 70 make and break shocks per second were achieved 
by loading the hammer of the interruptor with plasticene. However, as 
Levin (1927) pointed out, the make shocks are almost ineffective but the break 
shocks are probably supra-maximal, and Furusawa’s (1929, p. 332) example 
confirms that it is impossible to increase these stimuli owing to the ease with 
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which local fatigue is produced. The unsuitability of such stimuli is further 
emphasised by the work of Beresina and Feng (192*3) on the heat production 
of Maia nerve ; consequently, it was decided to employ repetitive condenser 
stimulation with their value of “ optimal stimulus/' Using a shunt of 1500 
ohms and a series resistance of 3000 ohms to render the condenser (0-95 pF) 
discharge time approximately independent of the resistance of the nerve, 
just maximal stimuli were provided by a rotating commutator; usually a 
frequency of 49 per second was used and the condensers were charged to a 
potential of 14-18 volts. 

Previous to mounting the nerve, fresh filter paper atripB, each 35 mm. by 
7 mm., soaked in sea water and drained of all surplus fluid were placed in 
position and another strip placed across them to complete the circuit; any 
small e.m.f. between the calomel half cells was measured, its direction noted 
and the correction applied to subsequent readings. The nerve was mounted 
and during the first few minutes after the crushing of the end the galvanometer 
deflection rose to a maximum, then declined at a decreasing rate : the maximum 
value was taken to be the injury potential of the nerve. After the spot of 
light had become fairly steady, or was falling ut a constant speed, a short 
circuiting key was opened and an e.m.f. from a Pye rotary potential divider 
in series with the nerve, fig. 1, was adjusted to bring the spot to zero and then 
the deflection produced by a known change in e.m.f. was observed, The short 
circuiting key was closed and the deflection due to the nerve was again read ; 
if it had changed only slightly an allowance was made, but if the change was 
large the measurement was repeated later when the drift of the galvanometer 
spot had become smaller. From the sensitivity determined in this way the 
injury potential corresponding to the maximum deflection was calculated. The 
method, just described, of measuring the injury potential was used because 
immediately after the injury had been made the galvanometer spot was moving 
too rapidly to permit measurements to be made by the ordinary compensation 
method. 

For each measurement the galvanometer was suitably shunted to reduce 
the deflection to 150-200 mm. and readings could bo made to 0-1 mm., whilst 
e.m.f. applied from the Pye rotary potential divider could be adjusted to 1 
in 10,000. The resultant possible accuracy of a single determination was 
therefore about ± 1 in 1000 or ±0*03 millivolt, but this was never needed 
since even in successive measurements on the same nerve such a consistency 
was never approached, because various factors which are discussed later com¬ 
bined to limit the reproducibility to ± 5% of the initial injury potential. 
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Usually the nerve was given a 3-second test tetanus shortly after the deflection 
due to the injury potential had passed through its maximum, another about 
10 minutes later, a third tetanus after the sensitivity had been determined 
by introducing a known e.m.f. into the circuit, and further tctani were given 
at intervals of 10 minutes or more if required. Most of the measurements of 
action current and injury potential were made with the same shunt in the 
galvanometer circuit, but if it was desired to make the deflection due to the 



FlO. 1.—G, galvanometer; S, variable shunt; R, fixed resistance, 1000 ohms ; P, rotary 
potential divider, , total resistance 28 ohms ; C, calomel half cells; N, nerve, crushed 
part shaded. 

action current larger the injury potential was partly balanced by an e.m.f. 
from the Pye rotary divider and then the shunt was reduced; in this way 
deflections as great as 200 mm. were obtained for the response to a 3-second 
tetanus, frequency 49 per Becond. 

The first series of experiments was made with “ sea water ” rich in potassium 
or calcium or in both potassium and oalcium. Solutions of potassium chloride 
and calcium chloride calculated to be isotonic with Plymouth " outside sea 
water” (hereinafter called sea water) were prepared with ohemicals of 
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“ analytical reagent ” quality and distilled water, which was known to contain 
the heavy metals, copper and tin, in smaller amounts than docs sea water 
(Atkins, 1932, 1933, a, 6), and the required volumes were added to sea water. 
The pg of these enriched sea waters was found to be that of ordinary sea water 
8'1-8 *2 when determinations were made with brom-thymol blue (Atkins, 
1922), the salt error being eliminated by the use of McClendon’s (1917) borax 
boric acid buffer standards made up with salt solution. 

Owing to the fact that the addition of isotonic potassium chloride solution 
altered the concentration of the other ions, besides sodium, in sea water the 
experiments were repeated and checked with artificial sea waters in which the 
potassium, calcium, and magnesium concentrations wore varied independently 
or in combination with one another. Simultaneously a corresponding adjust¬ 
ment was mode in the sodium chloride content so that the solutions were 
always as nearly as possible isotonic with 3-30% sodium chloride solution, 
which is known to be isotonic with sea water, and since Maia has no power to 
regulate its osmotic pressure and comes into equilibrium with its environment 
(Margaria, 1931) it follows that they were also isotonic with Mains blood and 
nerve. The solutions were prepared by dissolving the required amounts 
(calculated from Clark, 1924; Harvey, 1928) of sodium chloride, sodium 
bromide, sodium carbonate, sodium bicarbonate, potassium chloride, magnesium 
chloride, and calcium chloride, all of “ analytical reagent ” quality in distilled 
water. The carbonate and bicarbonate contents of the solutions were always 
kept the same in order that they should all have the same p u and alkali reserve. 
After they had been brought into equilibrium with atmospheric air at 17° G. 
by vigorous aeration the j^ values were found to lie between 8-1 and 8-2. 

In order to investigate the action of other cations which do not occur in any 
considerable quantity in sea water isotonic solutions of lithium chloride, 
rubidium chloride, caesium chloride, and ammonium chloride, were mode up 
with substances of “ analytical reagent ” quality, in distilled water and used 
to prepare “ sea waters ” rich in these ions. When it was desired to investigate 
the physiological antagonism existing between the alkali metal ions lithium, 
rubidium, and oaosium on the one hand, and calcium ions on the other, known 
quantities of isotonio calcium chloride solution were also added. All the 
solutions had the same as untreated sea water. 

In order to be certain that the results which had been obtained with the 
enriched “ sea waters ” were independent of the presence of the potassium, 
which occurs in ordinary sea water, a second series of artificial sea waters 
-containing varying amounts of lithium, rubidium, or csesium, but no potassium, 
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was prepared. These solutions were also isotonic with 3 - 30% sodium chloride 
solution, and had a p H of 8* 1-8*2 when in equilibrium with atmospheric air. 

For nerve asphyxiation experiments cylinder nitrogen was freed from oxygen 
by passage through two wash bottles filled with alkaline hydrosulphite solution 
(Kautsky and Thiele, 1926), through a wash bottle containing 40% caustic 
potash solution, and then through a bubbler of sea water; this last being to 
ensure that the nerve was not dried. 

The Injury Potential of “ Normal ” Nerve. 

Soon after experiments at Plymouth had been begun it was noted that the 
injury potentials observed were greater than those recorded by Levin (1927) 
and by Furusawa (1929) although all the measurements were made by very 
similar methods. Levin reported injury potentials of 10-13 millivolts in 
Maia nerve, and Furusawa reported values usually ranging from 2*5 to 13 
millivolts and a highest value of 27-3 millivolts with nerves, not dissected, 
but prepared by the “ pulling out ” technique which he described. In the 
experiments recorded here the most usual value of the injury potential of a 
nerve, which had been dissected by Levin’s method with the precautions 
already mentioned and allowed to rest in aerated sea water for an hour, was 
about 30 millivolts although valueB ranging from 10 to 35 millivolts were 
observed and on one occasion a value of 42-1 millivolts was obtained. As the 
injury potentials were larger than those previously reported it was thought 
advisable to investigate the factors governing their magnitude and repro¬ 
ducibility. Moreover, it was desired to know how long the potential would 
remain constant and how well Mata nerve would stand removal from the wax 
ohamber, washing and re-mounting, when these operations were repeated 
three or four times. 

The influence of the method of preparation was one of the factors first 
investigated. It was found that different nerves taken from one crab and 
prepared by Levin’s method, gave injury potentials which were the same within 
the experimental error and thin fact has been regarded as justifying the experi¬ 
ments following. Four nerves, which were prepared by Furusawa’s (1929) 
method (without washing in sea water) from four different crabs gave injury 
potentials of 5-9 millivolts, but variations of 2-3 millivolts were observed 
when the filter paper electrode making contact with the uninjured part of 
the nerve was moved along the trank, care being taken not to disturb the 
injured end. Four other nerves, which were taken from the same four crabs 
and prepared by Levin’s method, gave injury potentials of about 30 millivolts, 
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and when the electiode making contact with the uninjured part of the trank 
was moved the variations were usually of the order of 1 millivolt, although 
occasionally they were as large as 2 millivolts. Table IV. From these experi¬ 
ments it is concluded that Furusawa’s method usually gives low injury potentials, 
probably because many of the fibres near the surface of the bundle are injured; 
this view is supported to some extent by the observation of potential differences, 
whioh formed a fairly large fraction of the whole injury potential, between 
various points of the nerve trunk. Preparation by Levin's method with the 

Table IV.—Four determinations wore made with each nerve, and allowance 
was made for the apparent decrease of the injury potential with time. 
The distances between the leading off electrodes are indicated in the 
diagram. 
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precautions already described seemed to be preferable although the trunk was 
not obtained wholly free from small injuries whioh had some influence on the 
reproducibility of the injury potential if between suooeasive determinations 
it was necessary to disturb the uninjured part of the nerve lying on the leading 
off electrode. 

, The next important factor waa found to be the sharpness of the boundary 
between the injured and uninjured portions of the nerve. There are really 
two variables involved and to a limited extent they are mutually dependant 
upon one another; the first is the sharpness of the initial demarcation and the 
seco n d is the bhangs in the demarcation with time. 
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With respect to the first of the variables it was found that the procedure 
which gave the highest injury potential was to make a block by crushing 
transversely with small forceps at a point about 2 mm. from the distal leading 
off electrode, and then to crush completely the peripheral part of the nerve 
beyond the initial injury. If, however, a ligature was tied midway between 
the galvanometer electrodes and then the peripheral part of the nerve beyond 
the block was crashed, the injury potential observed was only 80% or less 
of that obtained by the former method. It seems very probable that the 
lower value given by the latter procedure was due to a failure to make proper 
contact with the inside solution. A few attempts were made to dry the 
outside surfaoe of the nerve, by blotting with filter paper, in the hope that there 
would be less short circuiting and that a higher injury potential would be 
attained ; but they were not successful because if, on the one hand, the filter 
paper was only applied lightly the sea water was not removed completely from 
between the bundles, if, on the other hand, it was applied more firmly the 
nerve stuck to it and some fibres were damaged. In order to reduce the 
uncertainties just discussed to a minimum and to obtain the maximum injury 
potential a standard procedure of simply draining the nerve as free as possible 
from surplus fluid and then crushing exactly in the manner first described above 
was adopted. As an additional precaution against dead tissue at the peripheral 
end of the nerve becoming permeated with Bea water and affecting the injury 
potential the last 6 mm. were cut off each time immediately before the mounting. 

Experiments similar to those just recorded have since been made with 
frog’s nerve and the effects observed were greater. The injury potential of 
a nerve which had been ligatured between the leading off electrodes and had 
its end crushed was only about 60% of that given by a nerve which had merely 
had its end crushed with forceps. 

The operation of the second variable was observed by Levin (1927), but 
neither he nor Furusawa seems to have realized exactly what was happening. 
Both of these investigators noted that the galvanometer deflection rose and 
passed through a maximum within a short time of the crushing of the end of 
the nerve, and then it fell at a steady or decreasing rate. They assumed that 
the decline in the deflection was due to a diminution in the injury potential, 
whereas it is really a “ crush sealing over ” effect similar in some respects to 
that observed on frog’s nerve by Gerard (1930). This was shown in the follow¬ 
ing way: the fall of the galvanometer deflection was observed for half an hour 
oc more after the initial value of the injury potential had been determined and 
then if a fresh crash was made, with a small pair of forceps, to restore the 
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sharpness of the boundary between the injured and uninjured parts, oare 
being taken not to disturb the uninjured nerve lying on the other galvanometer 
electrode, the deflection rose again and a second value of injury potential 
which was usually within ± 5% of the first was obtained. However, if the 
second crush was merely made within the region which had been previously 
injured there was no increase in the galvanometer deflection. 

In a nerve, which had been dissected by Levin’s method and soaked for an 
hour in aerated sea water, when suspended in moist oxygen and re mounted 
on fresh pieces of filter paper at half-hourly intervals the injury potential 
was reproducible to within i 5% of its value, provided that a fresh crush 
was made each time and the precautions detailed were observed. At 17° C., 
under the conditions just specified, and when stimulation was limited to 
occasional test tetani of 3 seconds duration this reproducibility of injury 
potential persisted for 2-3 hours, but at the end of about 8 hours there was a 
drop of 20-30% corresponding to a steady decline of about 3% per hour. 
If, in view of Fuxusawa’s work (1929) on the oxidative nature of the injury 
potential of Maia nerve, we assume that the potential is exactly paralleled 
by the oxygen consumption (see also Lund on the potential across frog’s akin, 
1928) then such a figure for the rate of decline of the injury potential is not 
unreasonable. Chang (1931) has found that the oxygen consumption of the 
leg nerves of Homarus amerieanus falls at about 10% per hour for the first 
4 hours at 24° C., and if wo take Q 10 to be 2 • 5 the rate of fall at 17° C. would be 
4-2% per hour. 

Transference to aerated sea water between successive determinations had 
no effect on the nerve when the mounting process was not repeated more than 
once in about 20 minutes : if it was done more frequently the attendant 
handling and crushing caused a partial “ depolarization,” and low values of 
injury potential were obtained. 

There was no sign of any seasonal variation in the injury potential of Maia 
nerve; during the period mid-April to mid-December the usual value was 
30 millivolts. Another possibility, that captivity in the Plymouth storage 
tanks might have had some influence, was negatived by keeping eight 
marked crabs (4 male and 4 female) in the tanlre from the middle of April to 
the end of May—a longer period than that for which the specimens used in the 
experiments described here were kept. Periodically a leg was removed and 
the nerve was dissected out: there was no sign of any progressive ohange in 
the injury potential; with nerves from the same crab, a variation greater 
the ordinary experimental error was never observed. 

B 2 
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The Action of Potassium Rich and Potassium Deficient Solutions on the 
Injury Potential and Action Current. 

Method. —The action current, the retention of action current and the 
depolarization of crab’s nerve have been studied in some detail by Levin 
(1927) and by Furusawa (1929). Both observers used rapid Downing galvano¬ 
meters which were more suitable for the purpose than the slower instruments 
employed in these experiments, in which the main conoem was the injury 
potential and the action current was used only as an indication of the physio¬ 
logical condition of the nerve. 

After its action current had been tested and its injury potential determined, 
a normal nerve was transferred to a solution of known composition rich or 
deficient in potassium ions for a definite short time, taken ont, allowed to 
drain and the end which had been crushed for the previous determination 
together with an additional 5 mm. cut of!; the nerve was then re-mounted in 
the chamber and a fresh crush made. The action current was again tested 
and the injury potential measured: afterwards additional test stimuli wen 
given at intervals if it was desired to follow the change in the action current 
response with time. When these observations were finished the nerve was 
put into aerated sea water to wash out the adhering salt solution. Subsequently 
it was remounted, the action current and injury potential tested as before, 
and if they had not been restored to values clow to the original ones the washing 
and testing prooess was repeated a second or even a third time. 

Results. —The action of potassium chloride rich solutions was twofold, 
affecting the injury potential and the action current simultaneously. When 
the potassium ion concentration was increased the action current decreased 
and then vanished, whilst the injury potential also decreased; with a further 
increase in the potassium ion concentration the injury potential also vanished. 
The potassium rich solutions exercised both of their effects folly in leas than a 
minute (about 66 seconds) which was the minimum time required to immerse 
the nerve for 16 seconds, drain, mount it with all the neoessary precautions and 
make f&ading. Moreover, whether the nerve had been soaked in the potas¬ 
sium rich solution for 2 hours or merely for a few seconds the effects were 
completely reversible. The injury potential could be restored by vigorous 
agitation for about half a minute in sea water, but the action current was not 
always restored so quickly, especially if the nerve had been in the depressed 
State for some time, or in solutions containing large amounts of potassium: 
father washing was then necessary for complete re co very. 
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Conduction and the Action Current . 

A nerve which had been immersed in sea water to whioh had been added 
isotonic potassium chloride solution, so that the total potassium ion con¬ 
centration was about five times that in ordinary sea water or that in Maia 
blood, exhibited no action current on stimulation and the injury potential 
was depressed by about 15 millivolts. However, the minimum concentration 
of potassium ions did not seem to be very critical and differed somewhat 
with nerves from different crabs, hence the value quoted above is a mean 
obtained from about a dozen experiments in which the extreme values observed 
were 3*8 and 6*0 times the concentration of potassium present in ordinary 
sea water. This inexcitability was easily reversible. Provided that the nerves 
had not been in the depressed state for more than about an hour, washing for 
about 30 minutes restored completely tho action current, no further increase— 
often a decrease—being observed with more prolonged washing. 

The first series of experiments was done in May and a second series in Septem¬ 
ber gave the same mean value for the potassium ion concentration required to 
abolish the action current, therefore it is unlikely that there was any marked 
seasonal variation in the susceptibility of nerves which had been soakod for 
an hour in sea water especially as they had been selected from animals which 
were neither about to moult nor had recently moulted. In the September 
experiments whioh were done to confirm the earlier ones, since it was desired 
only to know that no irreversible change had taken place the nerves were 
simply washed for an hour in aerated sea water and then tested. 

Some experiments were also done to see whether the usual physiological 
antagonism between potassium and calcium could be demonstrated with 
crab’s nerve. First, the effect of calcium enriched sea water was investigated. 
Even when a nerve had been immersed for 15 minutes in 90% of isotonic 
oalcium chloride solution and 10% of Bea water, so far as could be told by 
observations of the galvanometer deflections during the next hour, the action 
current was unaltered both in size and form. Then, in experiments performed 
with sea waters enriched with both potassium and calcium simultaneously it 
was found that those containing five times the usual amount of potassium and 
an equimolecular concentration of calcium did not produce inexcitability 
although they reduced the action current to less than one-half of its initial value. 
(To save space the results of these experiments are not tabulated; instead 
the results of some similar experiments with artificial sea waters enriched with 
potassium and calcinm chlorides given in Table VI may be taken as repre¬ 
sentative.) The effect was the same whether the nerve was immersed in the 
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eolation for a minute or for IB minutes, bat ■with other eolations containing 
the same concentration of potassium and a smaller one of calcium the influence 
of the duration of immersion became more marked. An attempt was made 
to relate the reduction in the action current with the immorsion time using 
certain fixed potassium calcium ratios but this was unsuccessful because in 
the same solution nerves from different crabs succumbed in very different 
times. The effect of calcium in fortifying the nerve against inexoitability 
was found to be reversible ; if a nerve which had been treated with a calcium 
rich sea water, or % sea water containing both added potassium and calcium, 
was washed for a few minutes in sea water and then immersed in a potassium 
rich solution it succumbed just as quickly as one which had had no previous 
treatment other than soaking in sea water. 

In order to test whether the dilution of the other major constituents of the 
sea water by the addition of the isotonic potassium chloride and calcium 
chloride solutions, and whether the presence of the minor constituents (Harvey, 
1928; Clarke, 1924) had anything to do with the effects observed the experi¬ 
ments described above were repeated using artificial sea waters rich in potassium 
or calcium or in both of these ions together. The results were in dose agree¬ 
ment with those obtained already, therefore they will not be discussed. 

In a further experiment with an artificial sea water which was intended to 
be as free of potassium as possible, and which was found by analysis to contain 
less than 1 y of potassium per cubic centimetre the action currents in response 
to 3 Beoond tetani were slightly larger than normal. However, since the 
increase was only from 5 to 8% this observation requires further confirmation, 
but it seems of interest in showing that a nerve can give normal or nearly 
normal responses even when potassium is present in very small amounts in 
the surrounding m edium. 

Lest the potassium chloride treated nerves might have been more susceptible 
to the handling and re-crushing than normal nerves the results of the experi¬ 
ments bo far described were oheoked and separated from the injury potential 
effect by the use of a different technique. The method was to mount an 
untreated nerve, crush its end in the usual way, and observe the action our rent 
responses to two or three test tetani applied at the pair of electrodes nearer 
to the galvanometer and spaced sufficiently to allow of complete recovery in 
the intervals between them. The responses to two or three test tetani applied 
at the electrodes at the central end were also observed. Then potassium 
ohloride enriched sea water waa dropped on to the middle third of the length 
of nerve which waa suspended between the two seta of stimulating electrodes. 
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After a short interval another test tetanus was given at the central pair of 
electrodes and further tetani were given at intervals. Finally test tetani 
were given at the peripheral stimulating electrodes to sec whether the nerve 
had deteriorated or the “ crush sealing over ” effect had become appreciable 
during the experiment. It was found that a solution containing five times 
the amount of potassium normally present in sea water produced a block 
between the two pairs of electrodes in less than a minute and there was 
no transmitted effect on the injury potential, hence the result by this method 
was in good agreement with that obtained by the total immersion method. 

The Injury Potential. 

When a nerve had been rendered incxcitable by immeraion in sea water to 
which had been added isotonic potassium chloride solution so as to make the 
potassium concentration five times its normal value the injury potential was 
reducod by about 15 millivolts. Higher potassium concentrations reduced 
the potential still further : after immersion in sea water containing 13 times 
the normal potassium concentration the injury potential was 3-5 millivolts, 
and after immersion in sea water containing 17 to 26 times the normal potassium 
concentration the injury potential vanished completely. Again, as with the 
abolition of the action current the potassium concentration required to abolish 
the injury potential was not critical and somewhat different amounts were 
needed even for nerves which had had approximately equal injury potentials 
initially. Presumably these differences were duo to differences in the amount 
of short circuiting taking place in the tissues. 

Similar experiments with artificial sea waters rich in potassium chloride 
gave results in good agreement with those mentioned above, hence they will 
not be discussed further. Four other series of experiments with artificial 
sea waters are of interest. The first was with a sea water which was made up 
to contain no potassium. Nerves which had been immersed in this solution 
gave injury potentials which were in the neighbourhood of 40 millivolts instead 
of the usual 30 millivolts. When they had been washed for less than 3 minutes 
in ordinary sea water they again exhibited normal injury potentials, Table V. 
The second and third series of experiments were done with artificial sea waters 
in which the potassium concentration was maintained constant at the normal 
value, whilst in one the calcium and in the other the magnesium concentration 
was varied. Neither calcium nor magnesium was found to have any effect 
in an hour on the injury potential within the experimental error of determina¬ 
tion. The fourth series was made with several different concentrations of 
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potassium and calcium because it was thought possible that sinoe the calcium 
was capable of preventing the onset of reversible inexorability it might do so 
by preventing the potassium from depressing the injury potential. However, 

Table V.—The Effect of Potassium Deficient Artificial Sea Water on the 


Injury Potential 


1 

Dite. 

Injury potential 
of nerve after 
an hour in 
aerated *ea water, 
mv. 

! 

Duration of 
Immersion In 

K deficient 
tea water, 
mint. 

Injury potential 
after immersion, 
mv. 

Injury potential 
after washing 
2-3 minutes 
in normal 
tea water, mv. 

21.6.32 

31-7 

13 

36 0 

32-1 

21.6.32 

33-7 

6 

42*4 

32-1 

22.6.32 

27*2 

6 

36*4 

28*0 

22.6.32 

22-2 

20 

27*0 

23*3 


the results were negative, a depression of the injury potential being observed 
although the action current was not abolished, Table VI. 

Table VI.—The Effects of Artificial Sea Waters Enriched with Potassium 

and Calcium Chlorides. 


Date. 

i 

Normal nerve after 
an hour's soaking 

In aeratod sea water. 

Nerve after immersion in K a and Ca* “ enriched 
artificial sea water. 

Injury 

potential, 

mv. 

Action 

current 

deflection, 

mm. 

A*. 

Duration 

of 

immersion, 

mins. 

Injury 

potential, 

mv. 

Action 

current 

deflection, 

mm. 

9.0.82 

h 

15 

3K* +fi(V 

121 

5-5 

3 

1.9.32 


32 

4-8K* + 5*8Ca* * 

11 

18*8 

3 

7.9.82 

Kim 

35 

4-8K* + 5-8CV 

5 

12 0 

15 


■H 

38 1 

4-8K* ■+■ 6-8Ca‘ * 

6*5 

18*6 

13 

8.9.82 

36*6 


4'8K‘ + B’8Ca" 

2 

21*7 

22 

10.9.82 

36*6 


4-8K- +8-8C. - * 

15 

21*7 

4 

12.9.82 

27*2 


4-8K- •+■ 6C*' * 

15 

16-0 

7 

13.9.32 

28-4 

20 

4'8K* + «V* 

5 

10-1 

15 


A*—Po ti wJ nm and oaldum concentrations given u multiple* of the usual concentrations 
la Plymouth ses water. 


An attempt was made to show in Maia nerve, as Macdonald (1902) showed 
in medullated nerve, a linear relation between the logarithm of the 
potassium concentration in the external medium and the injury potential, 
but it was not very successful because the reduced injury potentials obtained 
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after treatment with potassium chloride rich eolations were relatively less 
reproducible than the larger ones of untreated nerve. A possible reason is 
that as the sodium chloride content of the solutions was decreased and the 
potassium chloride content was increased the electrical conductivity 
also increased and the short circuiting due to fluid retained between the fibres 
would become more important as the injury potential diminished. However, 
from the results given it Booms that with crab’s nerve there is no very serious 
departure from tho logarithmic relation, fig. 2, over the concentration range 



JTm. 2.—The relation between the potassium chloride concentration in the eolation sur¬ 
rounding the nerve and the injury potential. The potassium concentration occurring 
in sea water (0*0388 gm. per 100 gm.) has been taken as unity and the concentrations 
in the other solutions have been expressed as multiples of this. 

of 1-30 times the amount of potassium present in normal sea water. In a 
few experiments with nerves which had been immersed in a solution con¬ 
taining 80% of isotonic potassium chloride and 20% of sea water the 
“ injury potential ” remained zero, and potentials in the opposite sense 
were not obtained. 

Some experiments were performed with sea water made hypertonic with 
added sodium chloride, of “ analytical reagent ” quality, in order to partly 
dehydrate the nerve and thus increase the effective potassium concentration 
within the fibres. Preliminary experiments showed Maia nerve very sensitive 
to osmotic changes and that immersion in sea water which had had its osmotic 
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pressure increased by about 25% produced the maximum dehydration that 
it would stand without loss of the action current. A nerve which had been so 
treated gave an injury potential whioh was 5-10% higher than that which it 
had given previously after immersion in ordinary sea water. After a second 
washing in ordinary sea water the injury potential fell to approximately its 
former value, Table VII. 


Table VII.—The Effect of Dehydration by Hypertonic Sea Water on the 


Injury Potential. 


Date. 

Injury potential 
of nerve after 
an hour in 
aerated sea water, 
mv. 

Duration of 
immersion in 
hypertonic 
•ea water, 
mins. 

Injury potential 
after Immersion, 
mv. 

Injury potential 
after hair an hour 1 ! 

washing in 
aerated sea water, 
mv. 

23.6.32 

27-8 

6 

30*4 

260 

26.6.32 

360 

6 

400 

37-2 


197 

4 

210 

20-4 


27*4 

6 

28-8 

26-8 


It must be emphasized that all the experiments described above apply 
only to nerves in a completely resting condition. The two other factors 
affecting the injury potential—stimulation and asphyxia—are discussed in 
later sections of this paper. 

The Reversible Inexcitability of Freshly Dissected Nerve . 

The action of solutions rich in potassium ions is of interest in connection 
with Pnrusawa’s (1929) observation of the reversible inexcitability whioh 
occurs in freshly dissected nerve. Often he found that Maia nerves when 
tested immediately after preparation by his “ pulling out ” method gave no 
action currents. Washing for a few minutes in sea water removed the in- 
excitability and prohibited its reappearance. At the beginning of the present 
work these facts were confirmed and it was noted that this inexcitability 
usually appeared in nerves prepared by Furusawa’s method. On the other 
hand, it oocurred in about 50% of the nerves prepared by Levin's method, 
whilst the other 50% gave small action currents which gradually disappeared, 
but could be brought back and increased by washing with sea water. The 
work of Dulitae and Horton (1929) and of Horton (1830) on the inexcitability 
produced by potassium ions in frog muscle suggested that potassium might be 
responsible here also, and led to the adoption of the routine of suspending the 
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nerve in a large volume of aerated sea water for about an hour. This time 
was found to be sufficient for complete recovery from the effects of dissection, 
and inexcitability was not observed to return within the time required for an 
experiment. 

The fact that Fumsawa’s method was found more prone to yield inexcitable 
nerves suggested that the phenomenon might be associated with damage to 
the fibres at the surface of the trunk. It was soon found that potassium salts 
did leak out, or wore present on the surfaces of nerve trunks, even when they 
had been prepared by Levin’s method, for if a small volume of sea water, 
protected against evaporation, was used for washing a number of such nerves 
in succession it became less and loss effective in restoring excitability and 
finally failed to do so. Initially 2 cx. of sea water were taken and by the time 
that 16-20 nerves had been washed in it for 6 minutes each the volume had 
decreased to nearly one-half, as no attempt was made to remove all the surplus 
fluid adhering to the nerves for fear of injuring them, and the solution had 
lost its power of restoring excitability or it would render a normally excitable 
nerve inexcitable. Chemical analysis of a 1 c.c. sample of this residual solution, 
by the method described in the section on Maia blood and nerve, showed that 
the potassium concentration had increased fivefold (two results). As a control 
operation a similar number of nerves was given a preliminary soaking in a 
large volume of aerated sea water and then immersed for 5 minutes in a sample 
of sea water which occupied a volume of 2 c.c. initially. At the end of the 
process this sea water would restore the action current in a freshly dissected 
nerve and the potassium content had increased by less than 10%. 

The above experiments considered in conjunction with those on the re¬ 
versible inexcitability produced by potassium rich solutions suggest strongly 
that the inexcitability of freshly dissected nerve is due to the presence of 
potassium salts between the fibres. Probably most of the potassium cornea 
from small unavoidable injuries inflicted on the nerve or on the adjacent 
muscle fibres during the dissection, although as is shown later some potassium 
•alts may leak out from the nerve as a result of stimulation which may cause 
■uoh a thing to happen if carried to the point of fatigue. But whatever the 
cause the leakage does not continue for very long, because as shown above the 
amount of potassium which escaped from 16-20 nerves which had been soaked 
for an hour previously in aerated sea water was very small (see also the section 
on potassium leakage); moreover, once excitability had been restored by 
thorough washing it was retained for at least 3 hours: in fact, nearly always 
it returned after a nerve had been asphyxiated and allowed to recover. 
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Fmrusawa (1929) also noted that daring the spring and again in Angnat and 
September nervea were more liable to exhibit inexoitability than at other 
seasons. In the experiments described here care was taken not to me crabs 
which had obviously just moulted and no vernal increase in susceptibility 
was observed nor was there any change in the potassium content as evinced 
by the injury potential; but during the first week in October, owing to a 
temporary shortage of material, a few specimens of Maia which seemed to 
have moulted that season were used. Although they gave normal injury 
potentials nerves from these crabs seemed to become inexoitable more readily 
than usual, but no special observations were made to test this impression. 
If Furusawa sometimes employed nerves from recently moulted crabs then 
this increased susceptibility may be explained on the basis of the following 
observations. Paul and Sharpe (1916) noted that in Cancer pagurtu just 
before the moult there was a decrease in the blood volume and after the moult 
this was followed by an increase whioh might be as much as tenfold in the 
next 10 dayB. They found that during the whole process the blood calcium 
remained constant at about 60 mg. per 100 o.c. and that the calcium which 
had boon present in the hepato-pancreas before the moult disappeared. They 
suggested that the hepato-panoreas serves as a storage organ and that calcium 
is taken up or liberated as required. Pantin (1931, a and b; Pantin and 
Weil, 1931) in his studies on Ounda viva has shown that this worm can with¬ 
stand large ohanges in the salinity of its environment and can regulate ita 
osmotic pressure to some extent only provided that sufficient calcium is 
present. From the experiments of Hukuda (1932) it may be gathered that 
Cancer pagurtu has some power to regulate its osmotic pressure; this may be 
connected with the constant level of blood calcium whioh it exhibits. As 
Margaria (1931) has Bhown, Maia is very different; this animal has no power 
to regulate its osmotic pressure and simply comes into equilibrium with its 
environment. If we bear in mind also the experiments on the inexoitability 
produced in Maia nerve by potassium rich solutions and its prevention by 
calcium ions it seems possible that in Maia blood there is some disturbance 
in the potassium calcium ratio at the time of moulting—the liver may fail to 
supply sufficient calcium just after the moult. 

The Effects of Aubtdtum, Caesium, Lithium, and Ammonium on the Action 
Current and Injury Potential. 

Sinoe rubidium and oesium ions resemble potassium ions in many properties 
and all three ions have nearly the same mobility in aqueous solution it was 
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thought interesting to try their actions on Maia nerve; also the action of 
lithium ions. 

Sea water enriched by the addition of isotonic rubidium chloride solution 
rendered a nerve inexoitable in less than a minute when the molar concentration 
of rubidium chloride was eight to nine times the molar concentration of 
potassium in Bea water. This inexcitability was found to be roversible, like 
that produced by potassium, and the nerve could be restored completely by 
washing in aerated sea water. 

Sea water enriched with cessium chloride solution also produced reversible 
inexcitability, but a molar concentration of about 13 times the molar concen¬ 
tration of potassium in sea water was required. 

In nerves rendered inexcitable by rubidium or caesium chloride nearly 
always after 15-20 minutes there was some depression of the injury potential, 
but since it was about 4 millivolts, an amount not much greater than the 
differences between successive determinations of the whole potential, it was 
impossible to measure it accurately, Table VIII. 


Table VIII. 


Date. 

Nerve after an hoar 
in aerated sea water. 

t 

Nerve after 3 minute* in 
sea water with added 
rubidium chloride 
(0*09 N). 

Nerve after reoovory 
in aerated sea water. 

Injury 

potential, 

mv. 

Action 

current 

deflection, 

mm. 

Injury 

potential, 

mv. 

Action 

current 

deflection, 

mm. 

Injury 

potential, 

mv. 

Action 

current 

deflection. 

8.8.32 

30*4 

23 

28-3 

0 

20*5 

19 


33*2 

34 

20*8 

3 

31*8 

30 

0.8.32 

20*5 

13 

14*8 

0 

17*0 

10-6 




8ea water i 

with added 






q—ium chloride 






(0*13 N). 



0.8.32 

28*4 

30 

24-2 

3 

29-0 

25 

10.8.82 

20*3 

27 

291 

1 

28-4 

26 


31*7 

42 

276 

6 

28-7 

34 


To eliminate the effects of potassium, experiments were performed with 
artificial sea waters which were free from potassium but contained varying 
amounts of either rubidium or caesium chloride. It was found that 2-0 gm. 
molecules of rubidium chloride or 3*2 gm, molecules of caesium chloride were 
as effective as 1 gm, molecule of potassium chloride in abolishing the actum 
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current. The increase in the injury potential due to the potassium deficiency 
was greater than the depression caused by either rubidium or owsium ions. 

These experiments and the earlier ones with potassium indicate that, within 
certain limits the injury potential of a nerve could be given an arbitrary value 
by immersion in a solution containing a suitable concentration of potassium 
chloride, and then the action current could be reduced &b much as desired by 
the addition of rubidium chloride or ccBsium chloride. 

In some further experiments the effect of increasing the calcium chloride 
concentration in a rubidium chloride or caesium chloride sea water which would 
just abolish the action current was investigated. It was found that a calcium 
chloride concentration giving five times the usual calcium concentration in 
sea water would prevent in a fair degree the reversible inexcitability which 
would otherwise have been produced by the rubidium or caesium ions, Table 


IX. 

Tablo IX.—The Action Current doflcctions given by Nerves. 


Da to. 

After an hour in 
aerated sea water, 
mm. 

After 3 minutes in a 
potassium deficient 
artificial sea water 

0 *085 N in RbCl and 

0 *050 M In CaCl a . mm. 

After washing in normal 
lea water and 3 minutes’ 
immersion in artificial 
sea water 0 >085 N 
in RbCl. mm. 

0.12.32 

52 

30 

2 


17 

15 

0 


37 

30 

4 



After immersion in a 

After washing in normal 



similar artificial sea water 

aea water and 3 minutes' 



but 0-114 N in RbCl 

immersion In artificial 


1 

and 0 -05 M in CaCl„ 

sea water 0-114 N 



mm. 

in RbCl, mm. 

10.12.32 

50 

48 

7 


65 

53 

5 


36 

34 

2 


54 

40 

2 


The action of ammonium chloride was also tested. A concentration 
equivalent to five times the amount of potassium present in sea water usually 
produced inexcitability, but in two experiments out of six the effect was not 
reversible. Larger concentrations of ammonium chloride damaged the nerve 
irreversibly, abolishing both the action current and the injury potential. 
These toxic effects of ammonium ions are not very surprising, since at 8*1 
they could hardly be expected to behave exactly like alkali metal ions. 

Potassium deficient artificial sea waters containing lithium chloride in 
Concentrations up to 0-19 molar had no effect on the action current response or 
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the injury potential as determined by observations made over a period of 
about an hour. 

The Leakage of Potassium from Stimulated Nerve . 

Experimental. —Nerves were stimulated in a small volume of sea water and 
samples withdrawn in order to determine by chemical analysis the rate at 
which potassium Balts escaped from the tissue: at the same time control 
experiments were made (o) with unstimulated nerves immorsod in sea water, 
and ( b ) on the rate (if any) at which evaporation caused the potassium con¬ 
centration to increase in a sample of sea water without any nerves in it, but 
under the Bame conditions. This last experiment was done so os to enable the 
measurements to be expressed as absolute rates of leakage of potassium salts 
from stimulated and resting nerve. 

To avoid the inexcitability due to local fatigue it was thought better to 
have the stimulating electrodes situated at opposite ends of the nerve and to 
pass the stimulating current between them ; also they were so arranged that 
the ends of the nervo made contact with them above the liquid surface, thus 
obviating leakage of the stimulating current tlirough the sea water. 

For these experiments a nerve chamber was made from a block of paraffin 
wax approximately 5 inches by 3 inches by 1 inch, to tho design shown in 
fig. 3. Three grooves each 100 mm. long, 10 mm. wide, and 9 mm. deep were 
out parallel to the longer side. Through the wax walls into each of the outer 
grooves (A and C) were led two silver wires, one of which was placed about 
3 nun. from one end wall (1), and 7 mm. from the floor ; the other was placed 
4-6 mm. from the opposite end wall and 7 mm. from tho floor (2). A glass 
rod was fixed transversely across tho three grooves and above the (2) electrode. 

Four or five pairs of nerves were selected, each pair being taken from a 
different crab, dissected as quickly as possible, and suspended in a large volume 
of aerated sea water. The preparation took nearly an hour and the nerves 
were allowed to rest in the sea water until the one last dissected had been 
soaking for half an hour; during this time they wore all out to the same length, 
about 11 cm, and where necessary fresh cottons were tied to the ends. Then a 
little sea water was placed in each of the outer grooves (A and C) of the chamber, 
one set of four or five nerves was taken and mounted in one of the grooves. 
The nerves were so arranged that they lay side by side on the floor, their 
ends were passed beneath the silver wire electrodes without crossing, and they 
were secured in position by embedding the attached cottons in plastioene 
plaopd on the end wall near the (1) electrode and on the glass rod above the 
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(2) electrode, fig. 3. Similarly the companion nerves were mounted in tho 
unoccupied outer groove. A glass cover was then sealed on so as to dose the 
chamber completely except for a small strip about 4 mm. wide lying beyond 
the electrodes and the gltuw rod. The purpose of the cover was to reduce the 
evaporation correction as much as possible, the openings being left for the 
insertion of the tips of pipettes for the withdrawal of samples. 



Fra. 8.—The nerve chamber used in the itimuiation experiment*. A, B, 0, grooves (or 
nerves; (1), (2), silver wires. The dotted linee indicate the p os ition of the gleet 
cove r . 

The chamber was rocked gently in a direction parallel to its longer side 
about once in 3 seconds for approximately 10 minutes, then it was tilted so 
that the end bearing the glass rod became the lower and the sea water in which 
the nerves had been immersed was drained off and removed as completely aa 
possible with a pipette. Into each of the grooves was pipetted 6 o.o. of fresh 
sea water and the rooking was re-started; also, two 1 o.o. samples of the sea 
water were taken from the main supply. At the end of S minutes the rocking 
was stopped and a 1 o.o. sample wae taken from each groove. The rooking 
was re-started and tetaniaataon of one set of nerves was commenced. A 
Harvard coil was used with the secondary at 8*6, the frequency having been 
adjusted to approximately the required value by loading the hammer of the 
interrupter with plastioene, At the end of 6 minutee the rocking was stopped 
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whilst a 1 c.o. sample was taken from each groove. The rocking was re¬ 
started and tetanization was continued for another 5 minutes then both were 
stopped and three more 1 o.c. samples were token. Again, the rocking was 
re-started and at the end of 5 minutes a final batch of three 1 c.c. samples was 
taken. The chamber was opened, the lengths of stimulated and unstimulated 
nerve which had been immersed in the soa water were cut out, blotted on 
41 gravimetric ” filter paper, put into weighing bottles and weighed. 

The potassium determinations were carried out on the fluid samples in the 
manner described for 1 c.c. samples of Maia blood in an earlier section of this 
paper, but as the experiments were done before the syringe pipettes were 
obtained ordinary glass pipettes of N.P.L., B standard were used. 

Results ,—In nearly every experiment the evaporation was reduced to suoh 
an extent that in the 20 minutes iu which the samples were taken no measur¬ 
able change in the potassium concentration had occurred. A more accurate 
estimate was obtained in two experiments by omitting to take the sample at 
the end of the first 5 minutes, the rocking being continued and a sample taken 
after 45 minutes had elapsed. In these the increase in the potassium con¬ 
centration was about 2%, hence in the 20 minutes in which the samples were 
usually taken the evaporation correction was only 0-9% of the potassium 
concentration, a quantity not very much greater than the experimental con¬ 
sistency with which the potassium concentrations in the samples could be 
compared. The increase in the potassium concentration in the solution 
surrounding resting nerves was small and consequently it was impossible to 
measure the rate of potassium leakage with any accuracy, hut usually it was 
between 0*001 and 0-002 mg. potassium per gram of nerve per minute, Table 
X. The rate of leakage of potassium from nerve stimulated by 20 make and 
break shocks per second was quite large—in the last 1 o.c. sample of sea water 
taken, often the potassium concentration had increased by nearly 50% above 
its initial value. In Table X it will be seen that the amount of potassium 
leaking out from a gram of nerve was greater in the second 5 minutes of stimu¬ 
lation than in the first 5 minutes, but that after cessation of stimulation the rate 
of leakage was less than it had been during the periods of stimulation, although 
it remained four to five times as great os in resting nerve. 

With a frequency of about 100 make and break shocks per second the rate 
of potassium leakage during the first 5 minutes was as great as it was during 
the second 5 minutes, and the rate of leakage in the 5 minutes following stimu¬ 
lation was about the same as in the experiments at the lower frequency. 
Table X. 
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With a still higher frequency of about 140 make and break shocks per 
second the maritmim rate of potassium leakage was attained during the first 
6 minutes of stimulation, it fell off in the succeeding 5 minutes, and in the 5 
minutes after the stimulation it was rather smaller than in the experiments at 
the lower frequencies, Table X. 

Table X.—The Leakage of Potassium Salts from Resting and 
Stimulated Nerves. 


Eiperiment. 

Potassium leakage in milligrams x minutes per 
gram of nerve. 

Approximate frequency 
of stimulation. 

Resting nerve. 

Stimulated nerve. 

per sec. 

2 

0 0075 

A 0133 

B 0-142 

C 0-048 

40 

3 

0-008 

A 0139 

B 0-145 

C 0-084 

40 

4 

0-006 

A 0-181 

B 0-154 

0 0-104 

40 

7 

0010 

1 A 0-058 

1 B 0-114 

C 0-042 

40 

8 

0-009 

A 0-158 

B 0-154 

C 0 004 

100 

9 

0 01IB 

i 

A 0 147 

B 0-151 

0 0-107 

100 

10 

0-0055 

A 0-173 

B 0-159 

0 0-044 

140 

11 

0 008 

! 

A 0-170 

B 0148 

C 0-034 

140 


A, during the Amt 5 minutes of stimulation. 

B, during the second 5 minutes of stimulation. 

C, during the tint A minutes following stimulation. 

The potassium leakage from resting nerve in A minute* la a mean of three determinations. 


Aa a corollary to the results just described aud to the earlier ones on. the 
effect of potassium on the injury potential it seemed possible that theapplioa* 
tdon of a drop of potassium ohloride rich solution would set up an impnlmn in 
a nsrve since it would be equivalent to the breaking of a oonstant current, 
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and conversely that the application of a drop of potassium deficient solution 
would be equivalent to the making of a constant current. 

Some experiments were done with nerve-muscle preparations from the claws 
and walking legs of Maia. A drop of isotonic potassium chloride solution 
caused a single and occasionally a double twitch of the muscle within a few 
seconds of application to the nerve and immediately afterwards a test stimulus 
at the central end indicated a block. In none of the experiments in which 
potassium free artificial sea water was applied to the nerve was a twitch observed. 
The probable explanation of the ineffectiveness of the potassium deficient 
solutions is that they were not sufficiently free from potassium ions to set up 
suoh a large e.m.f. as did the isotonic potassium chloride solution. 


The Effects of Asphyxia. 

Cowan and Feng have repeated Furusawa’s (1929) experiments on the rate 
of disappearance of the “ retention ” of action potential in nerves in oxygen 
and in nitrogen. Their results which confirm those of Furusawa have been 
described already (Beresina and Feng, 1933). 

Furusawa's (1929) work showing that the injury potential is maintained in 
the presenco of oxygen and fails in its absence has also been confirmed. How¬ 
ever, the main reason for doing experiments with asphyxiated Maia nerve was, 
that sinco it contains so much potassium the diminution in the injury potential 
might have been accompanied by a leakage of potassium salts. There is 
little doubt that if asphyxiation were carried to such a length as to inflict 
permanent damage on a nerve potassium salts would leak out and could be 
determined by a chemical method, but such a result would have been of little 
interest and hence the more delicate experiments following were done in the 
hope that they would have some physiological meaning. 

A nerve was rendered inexcitable by immersion in sea water containing 
only just sufficient added potassium chloride, drained of surplus fluid and 
mounted. After the absence of an action current had boon established, a 
stream of moist oxygen through the chamber was started and the nerve was 
given two 1 second test stimuli each half-hour. The experiment was con¬ 
tinued for Beveral hours; occasionally the chamber was opened and a fresh 
crush was made to eliminate the “ crush Bealing over ” effect. At the end of 
suoh an experiment it was found possible to restore the action current by 
washing the nerve in aerated sea water. In one instance a nerve remained 
inexcitable for 40 hours in moist oxygen and at the end of that time washing 
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is sea water restored what action current there remained, about 6% of the 
initial value. 

From the experiments just described it seems that a nerve which has been 
rendered inexcitable by a minimal concentration of potassium does not recover 
in oxygen alone; washing is always necessary; moreover, such experiments 
can be regarded as controls for some asphyxiation experiments described below. 

When a nerve had been asphyxiated until the action current had vanished, 
and the asphyxiation continued for a further period of about half an hour, 
the subsequent admission of oxygon brought about a restoration of both the 
action ourrent and the injury potential. Since oxygen alone was incapable 
of removing the inexcitability, caused by excess of potassium salts between the 
fibres of a nerve trunk, the restoration of the action current, after a short 
period of complete asphyxia, would indicate that sufficient potassium does 
not leak out from a nerve during one of these experiments to produce the 
inexcitability. 

In all the experiments recorded here asphyxiation proceeded more rapidly 
than in Furusawa’s (1929) experiments. Probably this was because the present 
ones were done at a higher temperature, and because, at the beginning of a 
period of anoxia, the nerve chamber was washed out with a fast stream of 
nitrogen. 

In three experiments in which asphyxiation was continued for an hour 
before oxygen was admitted, oven after making a fresh crush, both the injury 
potential and the action current remained depressed. The injury potential 
was reduced to about 70% of its initial value while the action current was 
reduced to about 10%. Washing in aerated sea water restored the injury 
potential to about 80% of its initial value, and the action ourrent to between 
60 and 60% of its initial value. These experiments suggest that the sea water 
restores the nerves by washing away some toxic substance. This may well 
be potassium salt since it has already been shown that none of the other cations 
of sea water influences appreciably the galvanometer deflection due to the 
action current, and that a nerve rendered inexcitable by potassium cannot 
recover in oxygen. It is emphasized, however, that washing is only neoessary 
to restore nerves which have been asphyxiated to the point of slight permanent 
injury, and that the effect is a- secondary one. 

Discussion. 

From the results of the chemical analyses of Maia blood and nerve it can 
be calculated that the blood and the nerve plasma must be very nearly if not 



Injury Potential in Maia Nerve . 


261 


exactly isotonic with one another and with sea water. Indeed it would be 
very difficult to imagine things otherwise when one recalls the fragility of these 
nerves and their sensitivity to changes in osmotic pressure. It follows, then, 
that in these nerves the potassium and other ions must be in solution since 
any adsorption would render the nerve plasma hypotonic to the blood. Hence 
there is no possibility that local accumulations of potassium salts exist “ on or 
in the surfaces of the axons ” of the fibres or “ also on or in their dendrites M 
as Macallum (1932) claims to have shown in medullated nerve. 

The reversible inexcitability which is exhibited when potassium rich tissues 
ore immersed in a potassium rich solution is probably a far more widespread 
phenomenon than is at present realized. In frog muscle it has been investigated 
by Dulifre and Horton (1929) and by Horton (1930); in the plant cells of 
Nitdla davata by Osterhout and his collaborators (1931); recently Feng 
(1933) has shown that it occurs in the sensory end organs of frog’s skin. It 
has long been known that potassium salt solutions will depress and block 
medullated nerves (Menten, 1912 ; for earlier references see Hober and Strobe, 
1929), but owing to difficulties in technique the minimum concentration required 
to produce inexcitability and the recovery process do not seem to have been 
investigated. However, some observations by Forbes and Ray (1923) are 
very suggestive of the influence of potassium : using cats they found that, of 
freshly dissected nerve trunks 14% were inexcitablo when tested immediately. 
Also, a nerve cut off from its blood supply and left lying in a wound completely 
surrounded by dissected tissues rapidly became inexcitablc. Such a nerve 
could be restored by washing in Ringer’s solution—the relatively rapid restor¬ 
ation certainly suggests an ionic process. 

The ratio of the minimum ionic concentrations of potassium, rubidium, and 
o&sium required to produce reversible inexcitability is in the ratio 1: 2*0 : 3-2, 
whilst the ratio of their atomic weights is 1: 2*2: 3*4. This relationship 
suggests that the action of these ions is a simple physical one, and possibly 
that the initial stages of propagation of a nerve impulse are due to a physical 
change rather than a chemical one (of. Hill, 1932, 6). 

In these experiments neither rubidium nor caesium was observed to depress 
the injury potential appreciably, but with frog’s medullated nerve Netter 
(1927), Hober and Strohe (1929) found that, after producing a temporary 
rise, rubidium depressed the injury potential considerably, whilst caesium had 
no effect. It is possible that greater effects of rubidium and caesium ions on 
the injury potential would have been observed with crab’s nerve had the time 
between immersion in the solution and the determination of the injury potential 
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been longer. Again, in these experiments when the inexcitability whioh 
would ordinarily be produced by potassium ions was prevented by tho addition 
of calcium chloride, the depression of the injury potential was still manifested, 
but with frog's nerve Hober and Stroho (1929) found that calcium salts would 
prevent the depression of the injury potential due to added potassium salt. 

The speed with which the injury potential responds to changes in the 
potassium ion concentration in the surrounding medium and tho perfect 
reversibility of the changes adds to the evidence that the action of potassium 
is ionic and that tho nerve membrane is permeable to potassium ions. The fact 
that other cations alter the injury potential little shows that the membrane of 
resting nerve is practically impermeable to them. Furthermore, when the 
results of the analyses of Maia blood and nerve, the sense of the injury potential 
and the direction in whioh it moves when potassium rich solutions are applied 
are considered in the light of Beutner s work (1920, 1933) it follows that the 
non-aqueous membrane bounding the nerve must have acidic properties. 

The results of the chomioal analyses indicate tiiat the potassium concentra¬ 
tion in Maia nerve is about 13 times as great as in the blood. The maximum 
possible injury potential whioh this concentration difference could set up at- 

"• tt * - a? loe - **• “ - 

From the measurements of tho injury potentials of resting nerves and the later 
ones on the effects of different potassium concentrations on tho injury potential, 
it is dear that under the conditions of these experiments less than one-half 
of the maximum c.m.f. was obtained. The loss might be due to short cir¬ 
cuiting in the tissues. 

It will be noted that although e.m.f. measurements are considered here and 
in other parts of this paper no attempt has been made to introduce ionio 
activities rather tliau concentrations. The reason is that all the solutions 
inside and outside the nerve must have had very nearly the same “ionio 
strength ” (Lewis and Randall, 1923, chap. 28) and in order to express results 
in terms of activities the potassium ion concentrations inside and out would 
merely have to be multiplied by factors whioh, within the experimental error 
of ± 5%, would probably have the same value. 

From the results of the chemical analyses it would be expected that a 
potassium concentration of 13 times the normal in the solution surrounding 
the nerve would abolish the injury potential, but in the experiments with 
potassium chloride enriched sea waters an e.m.f. of 3-6 millivolts remained and 
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a concentration of 17-26 times the normal was required to make the injury 
potential zero. There are three possible explanations of this difference: as 
has already been suggested, some inactive tissue or sea water was included in 
the nerve samples analysed; the 3-5 millivolts is due to an asymmetry, in 
the nerve membrane, of the type described by Cremer; some of the potassium 
salt in the external solution becomes involved in a Donnan equilibrium across 
the nerve membrane. At present it is impossible to distinguish between theso 
possibilities, but probably the first and third are the important ones. Although 
the accumulation of potassium within living nerve fibres could not be explained 
by a Donnan effect (cf. Osterhout, 1931, on Vaionxa ), there seems to be no 
reason why Donnan distributions should not affect the potentials given by 
nerves treated with potassium rich solutions. If wc assume that the volume 
of solution surrounding the nerve is infinite compared with the volume of the 
nerve plasma, then the Donnan expression for the membrane potential due to 
the asymmetric distribution of potassium ions reduces to the form 


E = const. 


xh , a . ±yg+ . «v 


where C x is the concentration of potassium ions ordinarily present in crab’s 
nerve before treatment, and C a is the potassium ion concentration in the 
solution with which the nerve is treated. Now if C a is small compared with Cj, 
the expression approximates to E — const, log Cj/Cj, giving a nearly linear 
relation between the depression of the injury potential and the logarithm of 
the potassium ion concentration in the outside solution ; but if G t is not small 
compared with C v then the relation is no longer a linear one ; instead, as the 
potassium ion concentration in the surrounding medium is increased, the 
depression of the injury potential is less manifest, and finally it reaches a 
fixed value. The line plotted in fig. 2 would bend over towards the x-axis, 
and become asymptotic to a fixed potential. Thus “ reversed injury poten¬ 
tials ” would never be attained even when the solution surrounding the nerve 
contained only potassium salt. 

When Maia nerves were stimulated in a small volume of sea water there was 
a definite loss of potassium salts and the loss continued at a slower rate after 
stimulation had ceased. It is a little difficult to decide what the results mean. 
The effect of the higher frequencies in causing greater potassium leakage may 
have been due to the greater number of stimuli administered, or it may have 
been due to an earlier onset of fatigue, as there is no doubt that although 
coil stimulation was used, and the earlier stimuli were barely maximal, the 
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nerves were stimulated to a considerable degree of fatigue (Furusawa, 1929). 
The falling off in the leakage rate at the higher frequencies was probably 
due to some of the fibres becoming inexcitable with fatigue. The same 
difficulty of deciding how much of the potassium leakage is due to the passage 
of impulses and how much is due to fatigue has caused some controversy for 
frog muscle (Mitchell and Wilson, 1921; Wojtczak, 1927 ; Ernst and Scheffer, 
1928). For plant cells of Nitella the results of Sen (1931) give a more definite 
answer. He found that the electrical resistance of a small volume of water 
surrounding a single cell decreased by about 20% when induction shocks, 
just sufficient to stop streaming within the cell, were administered; on the 
other hand, lethal shocks caused the resistance of the surrounding water to 
decrease by 300%. However, ho did not identify the ions escaping. 

The leakage of potassium from the nerve into the surrounding solution 
involves a loss of osmotic work or energy and it is of interest to evaluate this 
free energy decrease in order to compare it with the energy expenditures whioh 
have been measured as heat production. 

For the purpose of calculating the osmotic work it is assumed that the true 
rate of potassium ion leakage was 0*0280 mg. per minute per gram of nerve at 
a stimulation frequency of 40 per second. Moreover, since potassium ions 
could not leak out unaccompanied, for simplicity, the further assumption is 
made that the companion anions (yet unidentified) were univalent. Then, the 
total ionic leakage becomes 6*84 X 10” 10 gram equivalents per single impulse 
per gram of nerve at a frequency of 40 per second. Using the usual notation 
(see Lewis and Randall, 1923) the osmotic work is 

- AF = NE</> - NRT log . 

In this calculation the form 


— AF = 2*303 NRTlog 10 


[K*] inside nerve 
[K.'] outside nerve 


will be used, and the potassium concentration ratio of 13—approximately 
that found by chemical analysis—will be used rather than any expression 
involving ionic activities. The osmotic work at 17° C. is 


- AF = 2*303 X 5*84 X 10“" X 1*989 X 290*1 X log 10 13 cal. 

= 0*864 X 10“* cal. 

= 36*12 ergs. 

The most recent measurements of the heat production of Mata nerve are 
thoB© of Bereeina and Feng (1933). They found that the initial heat per single 
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isolated impulse was 0*73 x 10~ e calorie per gram of nerve at 16-5° C. With 
the aid of their curve showing the effect of frequency on the rate of heat pro¬ 
duction, and taking the ratio of the initial boat to the recovery heat as 0*02, 
the recovery heat per single impulse can be calculated to be 38-1 X 10~ # oal. 
per gram at a frequency of 40 per seoond. 

The fact that "the energy loss, due to potassium leakage, and the initial 
heat arc of the same ordor of magnitude is no more than a coincidence, since 
the former is a free energy change involving no liberation of heat, and the 
latter is a thermal change ; moreover, it is unlikely that they have the same 
distribution in time. Hill (1932, b) has suggested that after activity the nerve 
is “ re-churged ” for further activity by a secretory process, whereby ions are 
restored to their former positions. Recently Feng and Hill (1933) have brought 
forward somo evidence, which at least shows that in frog's medullated nerve 
the initial heat and the recovery heat do not arise from consecutive chemical 
reactions, in which the products of the first are the reactants in the second. 
If the potassium ions which have leaked out from crab’s nerve aro restored 
by a secretory process, then it is possible that the long continued recovery 
heat (Hill, 1929) represents the energy expenditure of this restoration. If 
this is true, then it follows that Maia nerves have a thermodynamical 
efficiency of about 2*3%—an efficiency of the same order as that with which 
the human kidney performs its osmotic work (Borsook and Winegarden, 
1931). 

The effects of asphyxia on nerve are manifested in two stages : in the first, 
recovery can be brought about by oxygen alone, but in the second it seems 
probable that potassium salts leak from the fibres. With medullated nerve 
many conflicting results havo boon reported as to the necessity of washing for 
complete restoration after asphyxia. An explanation of these differences 
would be that some workers carried asphyxiation to the point of producing 
potassium salt leakage and others did not. 

Horton (1930) in his work on the inexcitability of frog muscle showed that 
treatment with Ringer’s solution enriched with potassium chloride caused an 
increase in the excitation time, and Lucas (1908) showed that treatment with 
solutions enriched with calcium ions diminished the excitation time. On 
the basis of his electrical model of nerve Hill (1932, b) has suggested that 
potassium and calcium ions might act by changing the electrical resistance of 
the sheath and, consequently, the value of Rushton’s (1927) “analytical 
unit.” There are two possible mechanisms whereby this resistance change 
could be effected and they have some points in common. 
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(a) The current may be carried in the nerve sheath by ions and the con¬ 
ductivity may depend upon the mobilities of the ions in the material forming 
the sheath. If so, then it would bo expected that the mobilities in that 
material of the three ions potassium, rubidium, and coBsium would be in the 


same order 1 : 


1 . 

2 : 3-2’ 


as their effectiveness in producing inexcitability. 


There is no doubt that the nerve membrane is permeable to potassium ions, 
and a possible reason why they do not ordinarily diffuse out is that no anions 
diffusible in the membrane material are available in resting nerve. But when 
the nerve is excited, leaving out any possibility of a temporary rupture of 
the membrane, new ions, e.g. t lactate, may be formed and they may diffuao 
out accompanied by potassium. 

Beutner (1933) has shown that in his artificial systems the addition of 
small amounts of narcotics or alkaloids to the water immisoible phase reduces 
greatly the observed potential difference. In nerve it is inconceivable that 
asphyxia could affect seriously the “ activities " of the potassium ions in the 
aqueous phases, but it is quite possible that a metabolite or metabolites 
accumulating during asphyxia could pass into the membrane material, alter 
its properties and reduce the observed injury potential. Beutner and Lozner 
(1930) have given experimental evidence that non-oxidized materials, which 
yield acids insoluble in water—for example, hoptylic alcohol or aldehyde—arc 
electrically negative relative to their oxidation products. The oxidative 
removal of Buch a metabolite would result in a restoration of the injury 
potential. 

(6) An alternative explanation in terms of emulsions involves changes in 
permeability. If the nerve is bounded by a water in oil emulsion, then potas¬ 
sium, rubidium, and crosium ions could produce inexcitability by lowering the 
resistance of the sheath; that is, by increasing its permeability to ions by 
favouring inversion to an oil in water emulsion, and calcium would favour the 
change in the opposite direction. Clowes (1916) has studied such permeability 
changes and ion antagonisms with olive oil and water emulsions. More 
recently Dixon and Bennet-CIark (1930, 1932) have demonstrated that when 
water in olive oil emulsions are stimulated electrically, often the electrical 
resistance falls to a fraction of its initial value owing to a temporary inversion, 
and then it recovers. Moreover, they have shown that it is possible to obtain 
strength-duration curves with these emulsions; also that their sensitivities 
may be altered by various ions. To suppose that the membrane bounding 
nerve is essentially an emulsion would be in keeping with the observations 
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just mentioned. A temporary inversion of the water in oil emulsion would 
explain the leakage of potassium from stimulated nerve. The depression of 
the injury potential could be explained as in (a) by the accumulation of some 
metabolite which possibly after long continued asphyxia might be present 
in an amount sufficient to cause inversion of the emulsion membrane thus 
permitting the escape of potassium salts. Oxidative removal of such a 
substance would restore first normal permeability and subsequently the injury 
potential. 

My sincere thanks are due to Professor A. V. Hill for his continued interest 
and advice during the course of this work ; to Professor J. C. Drummond in 
whoso laboratory some of the preliminary analyses of orab’s blood were done ; 
to Dr. E. J. Allen, the Director, and to the staff of the Marine Biological 
Laboratory, Plymouth, for their help and courtesy during my visits there ; to 
Professor C. M. Yonge (formerly a member of the staff of the Marine Biological 
Laboratory) who took for me the first series of samples of Canoer blood and 
nerve mentioned; to Professor R. Hober for helpful criticism during the 
preparation of this paper ; to Mr. J. L. Parkinson for his willing assistance at 
all times. 

I am also indebted to Professor A. V. Hill for the loan of apparatus ; to the 
Government Grant Committee of the Royal Society and to the Thomas Smythe 
Hughes and Beaverbrook Funds of the University of London for grants which 
have defrayed in part the cost of apparatus and materials. 

Summary . 

(1) Samples of blood serum and nerve from Cancer pagurus have been 
analysed for total solids, inorganio cations, and potassium. 

(2) Similar analyses have been made of serum and nerve from Maia 
squinado, 

(3) A modification of Kramer’s method of estimating the potassium in 
1 o.c. samples of blood plasma or serum is described. It is designed to give 
an accuracy of ± 1%, and to save time when a large number of samples has 
to be analysed. 

(4) The usual value obtained for the injury potential of Maia nerves was 
about 30 millivolts. The “ crush sealing over ” effect described by Gerard 
(1930) was very pronounced, but if precautions were taken to obviate this the 
injury potential was reproducible to within ± 6% of its value for about 2 
hours. 



258 


S. L. Cowan. 


(5) Over a period of about 8 hours iu oxygen at 17° C. the injury potential 
of Maia nerve declined at a rate of 3-4% per hour. 

(8) Potassium ohloride rich solutions depressed both the action current and 
the injury potential rapidly and reversibly. The minimum potassium con¬ 
centration required to abolish completely the action current was about five 
times that occurring in sea water or in Maia blood. 

(7) The depression of the action current by potassium rich solutions could 
be partly prevented by the addition of calcium chloride. 

(8) The injury potential of a nerve could be reduced from 30 millivolts to 
3*5 millivolts if the concentration of potassium chloride in the fluid bathing 
the outside was made equal to the apparent potassium concentration (as 
determined by chemical analysis) inside the nerve. With rather higher 
potassium concentrations the injury potential could be made zero. Over a 
limited range an approximately linear relation was found to hold between the 
depression of the injury potential and the logarithm of the potassium 
concentration. 

(9) Nerves dehydrated in hypertonic solutions could be made to give 
increased injury potentials. 

(10) It has been shown that the reversible inexcitability which occurn in 
freshly dissected crab’s nerve is probably due to the presence of an abnormal 
concentration of potassium salts at the outside surfaces of the fibres. 

(11) Like potassium, rubidium and caesium ions could abolish rovereibly the 
action current in Maia nerves, whilst the injury potential was affected little. 
Ammonium ions caused inexcitability, but there is some doubt as to whether 
they act in precisely the same way as the alkali metal ionB. 

(12) The action of rubidium or cesium ions in depressing the action current 
oould be partly prevented by calcium ions. 

(13) Resting nerves in sea water were found to lose small quantities of 
potassium salts or none at all, but quite considerable quantities escaped from 
nerves stimulated to fatigue. 

(14) Nerves which had been asphyxiated for a short time could be restored 
by the admission of oxygen, but nerves whioh had been asphyxiated for a 
longer time also required washing with sea water for complete reoovery. 
Possibly potassium salts leak out in the latter case. 

(15) If it is assumed that the potassium, which has escaped Atom a 
stimulated nerve, is restored by a secretory process, then the thermodynamioal 
efficiency of crab’s nerve can be calculated to be about 0*02. 
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(16) Two possible physical mechanisms intended to explain the observations 
summarized above are discussed. 
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Physico-Chemical Studies of Complex Organic Molecules. Part I.— 
Monochromatic Irradiation. 

By F. P. Bowden and C. P. Snow, Laboratory of Physical Chemistry, 

Cambridge. 

(Communicated by T. M. Lowry, F.R.S. Received December 27th, 1933.) 

[Plates 7 and 8.] 

§1. Theoretical Considerations. 

The physical study of polyatomic molecules has proved to be a task of great 
difficulty. It now appears likely that, by combining observations of infra-red 
absorption spectra with observations of Raman emission spectra, and 
by making use of several subsidiary relationships, accurate information 
can now be given os to the resistance both to stretching and to bending of 
all the important links of molecules suoh as C^, C a H 4 , CjB^, CH,0, and 
N t 0 4 .* But it is evident that a limit has nearly been reached and that mole¬ 
cules of greater complexity present to the physicist an almost insoluble 
problem*! Thus, whilst we may perhaps hope for a complete analysis of the 
structural elements of acetone, in the not very distant future, a similar analysis 
of methyl ethyl ketone seems at present to bo impossible. A fortiori , the 
complex molecules which are of so much importance in biology, are entirely 
beyond the scope of these methods of examination. 

Nevertheless much valuable information may be obtained by the application 
of physical methods, in view of the fact that the mutual influence of the binding 
electrons is limited to a very narrow range, and is usually oonfined (even for 
strongly polar radicals) to not more than about three atoms of a long chain. 
While, therefore, we cannot hope to provide a complete mechanical description 
of such a model, in terms of its vibration spectrum, we may be able to elucidate 
its electronic states with some ease and certainty (Mullikon, 1933). Thus the 
long-established chemical practioe of regarding the absorption band at about 
3000 A., which is characteristic of all ketones and aldehydes, as caused by an 

* For the first four moleoulea, cf, Meoke (1032), and Sutherland and Dennison (mi eowm 
of publication), and for N g 0 4 cj. Sutherland (1933). 

f The obvious method of Identifying a Raman line of given frequency with the vibration 
of a particular type of bond is not to be trusted without a more rigorous analysis of the 
complete vibration spectrum, qf. Fermi (1931), and Sutherland and Dennison (foe. cti.). 
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electronic transition in the >C=0 group, is justified by the new orbital theory 
and by more precise experiments, with the qualification that any attempt to 
localize the excitation in the electrons of the double bond itself is definitely 
not valid. For all >C=0 groups in the “ aldehydic ” or “ ketonio ” environ¬ 
ment there will be on energy of excitation of about 4 volts, corresponding to 
the band at 3000 A.; this energy of excitation will raise the group (and hence 
the molecule) to its first excited state. This first excited state will be at the 
same energy level through the series of molecules above, but will be much 
modified in different environments, e,g ., by the proximity of —OH or —NH t 
in —CO . OH or —CO . NH, or by the presence of conjugated double bonds, 
s.p., —C»C—C=0, 

Similar considerations may be applied to the photochemistry of complex 
molecules. The initial absorption of a quantum of light by one of the more 
easily excited radicals in the molecule gives rise to an excitation, which is at 
first mainly confined to the v&lenoy electrons of this radical, since the other 
electrons are not directly concerned. The excited electron may then revert 
to the ground state from which it was raised ; but, if the excited state possesses 
sufficient energy to overcome the stability of the bonds, it may give rise to a 
decomposition, which need not be oonfined to the excited radical but may 
extend throughout the molecule. At first sight, therefore, it might appear 
that the photochemical decomposition of a complicated organic molecule 
would be a disorderly process, like the thermal decompositions which occur 
when a non-volatile organio material is charred. Recent work, by Norrish 
and his colleagues (1934) specially, has shown, how ever, that photochemical 
decompositions may pursue an orderly course, even when the excited radical 
forinB a part of a large molecule. Thus when an aldehyde is decomposed with 
elimination of carbon monoxide, the radicals on either side reunite in an orderly 
way to form a product which may under favourable conditions be almost 
entirely homogeneous. Whereas, therefore, the thermal decomposition of a 
complex molecule is often accompanied by far-reaching destruction, it is 
possible for a photochemical decomposition to proceed bo smoothly that a 
relatively drastic operation is followed by a complete healing of the local wound. 

The purpose of the present paper is to indicate that operations of this kind 
can only be conducted to the best advantage by the process of monoohromatic 
irradiation, and this for two obvious reasons. First, complex molecules often 
have a very complicated absorption spectrum, including absorption bands 
both in the visible and in the ultra-violet region. It is a task of some difficulty 
to sort out these bands, and to discover how many of them must be assigned 
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to one radical, and how many to another. The bands may also differ widely 
in their photochemical sensitiveness. It is therefore essential, when working 
with molecules of this kind, to begin by producing a homogeneous excited 
state, by irradiating the molecule with light of a single wave-length, and thuB 
activating one radical to a constant energy level, instead of several radicals to 
different energy levels. Second , the product of irradiation may have an even 
more complicated spectrum than the original material, and in particular it may 
develop absorption bands in close continguity to, or even overlapping, those 
of the original molecule. If complicated secondary changes arc to be avoided, 
therefore, it is essential to shield the product from radiation which would 
produce a further excitation of the primary product. This can only be done by 
selecting, whenever possible, radiations which arc absorbed by a particular 
radical of the original molecule, and not absorbed by the product. 

Since these limitations are not merely theoretical, but are of urgent practical 
importance, considerable interest attaches to the provision of sources of mono¬ 
chromatic light, which shall be sufficiently powerful to bring about adequate 
chemical changes within a reasonable space of time. An apparatus for this 
purpose is described below and some examples are given to illustrate the way 
in which it may be employed. 

§2. Monochromatic Radiation. 

It is difficult to obtain monochromatic ultra-violet light of sufficient intensity 
for photochemical reactions. Filters muy be used in the visible and near 
ultra-violet with some success, but in the far ultra-violet they are unsatisfactory 
Most substances transmit in several regions of the spectrum so that a series 
of filters is necessary to give light in any one region. This diminishes the 
intensity considerably, and the light, when transmitted, is not monoohromatio 
but covers a considerable range of wave-lengths. In addition, many filters 
are decomposed by ultra-violet light, so that the nature and intensity of the 
transmitted beam changes continuously. 

Quartz Monochromator . 

Beoause of these difficulties, a quartz monochromator was constructed, of 
sufficient size to give monoohromatio light of the required intensity (Bowden, 
1931).* The general design of the instrument is shown in fig. l.| Light 

* We are greatly indebted to Dr. R. Fraser for assistance with the detailed d e si gn . 

t For a description of various monochromators see Forbes (1928), and Heidi and Daniels 
(1982). 
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from the source L was rendered parallel by the collimating quartz lens A, 
passed successively through the two quartz prisms B, B', and was brought to 
a focus on the radiation cell by the quartz lens A'. 

The large compound short focus quartz lenses A, A' were each made up 
from two convex lenses 10 cm. in diameter cut from natural quartz. The 
usual working aperture was 1*8 for the 3650 A. line, but Btops could be used 
to reduce this. The lenses were carried in telescope tubing and were focussed 



Fig. 1. 


by the racks and pinions R, R', the position of the lenses being shown on the 
graduated scales S, S'. 

The* 60° prisms (face 8x8x8 cm.) were each formed from single trans¬ 
parent crystals of natural quartz cut with the optic axis of the crystal parallel 
to the base of the prism. The difficulty of obtaining natural crystals of 
sufficient size was increased by the condition that one must be right handed and 
the other left handed so that they mutually correct for birefringence. The use 
of two 60° prisms in series gave a high dispersion, which was important since 
it enabled a wide slit to be used without overlapping of adjacent lines in the 
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spectrum, and so gave a high total flux as well as a high intensity of mono¬ 
chromatic light. 

Both the collimator and telescope were carried on pivoted arms which could 
be swung into any position, in order that the instrument could work at any 
deviation or be used with one prism or two. Since, in practice, it was incon¬ 
venient to move either the source or the irradiation cell, these arms were usually 
damped in position, and light was moved on to the cell by rotating tho prisms 
equally, in opposite directions, through a small angle. The prisms were 
carried on tables which could rotate about an axis in the centre of their outside 
faces at E and E'. The rotating movement was communicated to the prisms 
by the pins P, P* which were, in turn, controlled by the fine pitch screw and 
wave-length drum D. In this way light of any selected wave-length could be 
moved on to tho cell merely by turning the wave-length drum.* 

The image of a straight slit is curved by optical distortion in the large prisms, 
so tho slit was made of an appropriate curvature to give a straight image. 


Source of Ultra-violet Light. 

A standard mercury vapour lamp with a flattened side was used as a source, 
and gave a sufficiently high intensity for many purposes. The flattened side 
enabled the slit to be brought nearer the centre of the discharge in the lamp. 
The intensities of the lines in the far ultra-violet were improved by deflecting 
the discharge against the wall of the lamp by means of a magnetic field. With 
prolonged use, the quartz became more opaque to the far ultra-violet, and the 
intensity in this region fell off considerably, making it necessary to empty 
and clean the lamp at intervals. 

The most satisfactory type, however, was a small capillary lamp in which a 
current of several amperes passed through mercury vapour in a capillary tube 
1 to 2 millimetres in diameter. No slit was used on the monochromator, the 
capillary tube itself acting as a slit. Several forms of those lamps have been 
described (Daniels and Hoidt, 1032); they give a high intensity but tho quartz 
becomes relatively opaque to the far ultra-violet in a few hours, and a frequent 
renewal of the capillary is necessary. A very simple form which could be 
made and fitted in a few minutes was devised by Mr. A. J. 1\ Martin and 
Mr. S. D. D. Morris, so that the trouble of replacement was reduced to a 
minimum. 


* The meohanical parts of the instrument were constructed by W. Q. Pye ft Ca, 
Cambridge. 
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The general construction of this lamp is shown in fig. 2. The lamp itself, 
which is a horizontal one, was made from quarts tubing 1 to 2 mm. in internal 
diameter, in which were blown two small bulbs (2 to 3 cm. apart). The tube 
was filled with dry mercury and the iron wire electrodes sealed in by means of 
cycle valve rubber tubing. The arc was struck between the bulbs by means 
of a small heating coil which pressed against the capillary tubing. The cooling 
jacket was made in two halves and the faoes ground flat and greased so that 
when screwed together, with the lamp inside, it was water tight. Distilled 
water was necessary for cooling to prevent deposition of lime on the outside 
of the lamp. 



Fig. 2. 


In using the mercury lamp one is, of course, restricted to the lines present 
in the mercury spectrum, although additional lines can be obtained by adding 
other metals such as zinc and cadmium to the mercury. A hydrogen lamp 
does not suffer from this disadvantage, since it gives a continuous emission 
extending far down into the ultra-violet. A large hydrogen lamp similar to 
that described by Lawrence and EdlefBon (1930) to carry 4 amperes at a 
few millimetres pressure was constructed. This gave a high intensity of 
continuous ultra-violet light bo that radiation of any wave-length can be 
selected by the monochromator. An all quartz lamp to carry 8 amperes at 
6000 volts iB under construction. 

Intensity of Monochromatic Light. 

The intensity of the different lines of the mercury spectrum transmitted by 
tiie monochromator is shown in fig. 3. The source was a capillary lamp which 
had been running continuously for an hour. 
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It will be seen that the intensity is extremely high. For the 3650 line the 
intensity is over a million ergs, per second p*r square centimetre. The usual 
sort of intensity employed in photochemical reactions with filtered light in 
the 3650 region is oa. 2 X 10* ergs, per sec./cm.*. Tho image of the line was 
0*15 cm. wide by 3 cm. long (area 0*45 cm.), so that the total flux of energy 



Ditfaw* ir| cm 
Fra. 8. 



Fig. 4. 


in the 3660 line wu oa. 6 x 10 s ergs, per second. The intensity obtained by 
the monochromator (l* 3 x 10* ergs./sec./cm. 1 ) corresponds to co. 2 x 10** 
quanta sec./cm. 1 of the 3660 radiation, and the total flux to oa. 8 x 10“ 
quanta per second. 

Irradiation CdL —One of the irradiation cells used is shown in fig. 4. It 
consisted of a rectangular slot R out in a brass block and fitted with quarts 
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windows at the top and bottom. The width of the cell was made equal to the 
width of the slit image (usually 2 mm.) so that the whole of the cell was covered 
by the radiation. The quarts windows were attached with a thin film of 
hardened secootine, or were soldered directly on to the brass. This was done 
by first platinising the quartz and tinning with soft solder and Woods metal. 
Cells made wholly of quartz have also been used. 

The cell was fitted with steel taps T, T', which were mercury sealed, so that 
the cell was gas tight, and irradiation could be carried out in the absence of 
air. The cell was filled through the side tube S; this was connected by an 
accurately ground conical joint to the small bottle B containing the air free 
solution. By suitably rotating the bottle B about this conical joint, first 
nitrogen, and then the solution, wore blown into the cell. The taps T, T' 
were then closed and the bottle removed. The absorption spectrum of the 
solution could be examined before and after irradiation without removing it 
from the cell. The solution was stirred continuously by means of small steel 
shot K which were kept in motion by an intermittent electromagnet fixed 
near the cell. 

The intensity of the light was measured on a Moll thermopile fitted with a 
rectangular slit of the same cross-section as the cell. By turning a screw the 
thermopile could be moved under the radiation in place of the cell, and the 
intensity of the light falling on the cell could be measured at any instant. 
Fig. 5, Plate 7, illustrates the monochromator in the vertical position, with the 
cover removed, and shows the general arrangement of the capillary lamp L, 
the irradiation cell C, the thermopile T and the stirring magnet M. 

Measurement of Absorption Spectra. 

The absorption spectra in the ultra-violet were photographed on a small 
Hilger quartz spectograph using a hydrogen lamp as source of illumination. 
The small dispersion of this instrument and the continuous source made it 
possible to detect weak bands and fine structure which might be overlooked 
on an instrument of larger dispersion or with a line source. The absorption 
coefficients were measured quantitatively on a Hilger E2 spectrograph, using 
either a polarization photometer, or the new Hilger echelon cell 

§ 3. Ergostebol and Vitamin D. 

The transformation of ergosterol into calciferol (vitamin D) is one of the 
..best known “ biological ” photochomioal changes, and was dearly a good 
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substance for the first application of monochromatic irradiation (Bowden 
and Snow, 1932). 

Absorption Spectra of Ergosterol and Calciferol . 

The well-known absorption spectra of ergosterol and calciferol were re¬ 
measured in the solid state, and in solution in cyclohexane. In cyclohexane 
ergosterol has clearly marked bands with maxima at 2940, 2820, 2720, 2600 A. 
and calciferol a broad, diffuse, and very strong band with its maximum at 
2650 A. in cloee general agreement with earlier observations (Askew and 
others, 1932). 

The Effort, of Monochromatic Radiation upon Ergosterol and Calciferol . 

It has been known for some time that irradiation of ergosterol by ultra¬ 
violet light of wave-lengths longer than 2750 A. gave a better yield of calciferol 
than light of shorter wave-lengths and that calciferol is easily destroyed by 
ultra-violet light, especially of short wave-lengths (Bourdillion and others, 
1931). 

(а) The Irradiation of Calciferol .—The absorption spectra of caloiforol, and 
the changes occurring in it on irradiation with light of different wave-lengths 
are shown in fig. 6, Plate 8, photographs 1, 2, 3 and 4. Dark bands correspond 
to absorption. 

X 3130 and wave-lengths longer than this produced no appreciable change, 
photograph 2. 

X 2650, destroyed the absorption completely and quickly, photograph 3. 

X 2537 also destroyed the absorption less quickly than X 2650, photograph 
4. 

The destruction of calciferol by irradiation was very little affected by working 
in an atmosphere of nitrogen instead of in air. 

(б) Irradiation of Ergosterol .—Since calciferol is readily destroyed by X 2050 
it is apparent that only a small region of wave-lengths can transform ergosterol 
into calciferol without destroying a large fraction of the latter. The over¬ 
lapping of the absorption curves makes these narrow limits of effective wave¬ 
lengths inevitable. Photographs 5, 6 and 7 in fig. 6, Plate 8, show how sharp 
is the long wave-length limit. 

X 3130 caused no change even after many hours in an atmosphere of nitrogen, 
photograph 6. 

X 2967 caused a destruction of the ergosterol band, and in nitrogen a rapid 
development of the calciferol band at 2650, photograph 7, 
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[The experiment was stopped after 2 horns, and the biological activity 
tested by Mr. M. W. Fine. The result showed that 60% of ergoeterol had been 
transformed into the vitamin, but too few rats were used to make this figure 
reliable and there is a possible error of ± 30%. Since no particular care wes 
taken to ensure a murimnm yield, it seems that efficient conversion may be 
possible by this wave-length. The best yield obtained by Askew et alii with 
filtered light and a continuous flow was 44%.] 

X 2660 destroyed the ergoeterol, but produced a smaller yield of calciferol. 

In this photochemical reaction (crgosterol -» calciferol) the supply of 
oxygen playB an important part. In the presence of oxygen, ergoeterol is 
readily destroyed, but gives a product which is transparent down to 2400 A, 
photograph 8, fig. 6, Plate 8. 

The quantitative analysis of these photochemical reactions has not yet 
been attempted. It is apparent, however, that the quantum efficiencies and 
orders of the reactions could be obtained by this technique in a way quite 
impossible with light which is not monochromatic (Marshall and Knudsen, 
1930). 

Irradiation of the Solid Crystals. 

The absorption spectra of thin crystals of ergosterol and calciferol was found 
to be the same as in solution except that the heads of the bands were slightly 
displaced toward longer wave-length. The crystals were subjected to mono¬ 
chromatic irradiation and the changes which occurred in the optical and X-ray 
properties were measured by Bernal (1932). Examination under a polarizing 
microscope showed that radiation with an effective wave-length could transform 
the crystal from anisotropio to isotropic material. At the same time the 
X-ray pattern was destroyed. Ergosterol was scarcely affected by light of 
wave-length 3650 A., 3130 A. or 2537 A. but was rapidly transformed pre¬ 
sumably into calciferol by light of wave-length 2967 A. Calciferol on the 
other hand was stable to 3600 A. and 2537 A. (which destroyed the solution) 
but was destroyed by 3130 A. (to which the solution was stable). This difference 
in behaviour of the solid and the solution is due partly to the shift in the bands 
and partly to the greater absorption and the formation of protective absorbing 
layers on the surface. 

$4. Vitamin Bj. 

No definite absorption bands had been attributed to the moleoule of 
vitamin Bj at the time of this investigation. Damianovioh (1922) and later 
Guha (1931) Arand that active yeast concentrates pos sess ed a band in the 
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region of 2600 A. bat it was shown by Dixon, Keilin and Guha that inactive 
fractions also gave this band. Mukorji observed that crystals of the active 
substance, obtained from rice polishings, gave an absorption at 3900-3300 A. 
Guha concluded that it was unlikely that the study of absorption spectra 
of vitamin concentrates would yield any significant results. On the other 
hand Windans and his collaborators (1932) have published an absorption 
spectrum of crystalline vitamin B t with a maximum at 2600 A. 

The specimen of vitamin B x (for which we are indebted to Mr. T. W. Birch, 
who originally obtained it from Jansen and Donath) showed absorption bands 
at 2600, 2400, 2100 A., fig. 7, Plate 8, photograph 1. The last two bands have 
not reproduced well on the print. Since the crystals were impure, it was not 
known whether any of these bands could be associated with the vitamin 
molecule. 

Irradiation for 1 hour with X 2537 (which falls within the first band only) 
destroyed the band at 2600; and left the bands at 2400 and 2100 A. un¬ 
affected, photograph 2, fig. 7, Plate 8. The irradiated substance, with the 
2600 band almost gone and the other bands intact, was tested for biological 
activity by Mr. Birch. Almost all of the activity was destroyed. 

It became probable that the 2600 band was characteristic of the biologically 
active molecule; and either all the bands are due to the same molecule as 
2600, but depend upon a group which is unaffected when the 2600 is destroyed, 
or else the short wave-length bands are not produced by the same molecule 
as the 2600 band. 

The conclusion that vitamin B x possesses an absorption at 2600 A. is in¬ 
evitable unless we assume the hypothesis of a secondary photochemical change. 
The molecule responsible for the 2600 band could be different from the vitamin 
molecule originally, but might become photochemically activated or dissociated 
by the irradiation and so react with the vitamin molecule. If that occurs, the 
disappearance of the 2600 band would not- prove that the band was characteristic 
of the vitamin. 

The complication of a secondary photochemical change is unlikely under the 
conditions of the experiment, and is particularly improbable for so stable a 
molecule as vitamin Bj. Further experiments argue against it. An effective 
way of destroying B t activity by chemical method is to heat it with an alkali; 
a specimen thus treated, and with its B x activity destroyed, was examined 
spectroscopically. It showed a similar absorption spectrum to the irradiated 
product, photograph 3, fig. 7, Plate 8, the band at 2600 had again disappeared 
and the bands at 2400 and 2100 remained. 
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A correlation of vitamin Bj activity with absorption at 2000 was therefore 
established. This does not mean that the head of the band is necessarily 
situated exactly at 2600. More detailed irradiation experiments over narrower 
limits would be necessary to deoide this but it does show that vitamin Bj 
must possess a strong absorption at X 2600. More recently Heyroth and Loof- 
bourow (1932) have measured the absorption at 2600 in a large number of 
vitamin B x concentrates and oonclnde that it is characteristic of the vitamin. 
In a still later paper Peters and Philpot (1933) find that a new and stronger 
preparation (Kennedy and others, 1933) has an absorption maximum at 
X 2450 with a “ slight hump ” at X 2600. They do not find, however, any 
marked correlation between the 2460 band and the activity. Their absorption 
spectrum bears a general resemblance to the spectrum we observed for the 
Jansen and Donath preparation except that in the latter the “ hump ” at 
2600 was more pronounced. 

§6. Vitamin A. 

The characteristic bands of vi tamin A and its biological precursor carotene 
have been known for some time. Vitamin A has apparently only one band, 
at 3280 A. which is connected with the vitamin molecule itself. Carotene 
in cyclohexane has a well-marked band system in the visible with maximum 
at 4860, 4640 and 4280 A. and a band in tho ultra-violet at 2700. 

Irradiation of Vitamin A. 

A concentrate of vitamin A was irradiated by X 3130. The band at 3280 A. 
quickly disappeared and the product was transparent down to 2000 A. 

Heilbron and Morton had already observed that the full light from a mercury 
lamp destroyed the band at 3280 A. 

Irradiation of Carotene. 

Carotene was irradiated by 2650 for 2 hours in an atmosphere of nitrogen. 
The oarotene band was partially destroyed and a new band developed in the 
region of 3280 A. (Bowden and Snow, 1932). Under the conditions of the 
experiment, the band was indistinguishable from the 3280 band of vitamin A; 
the solution was tested with antimony trichloride and gave the Carr-Prioe 
increase of the colour ratio of blue to yellow. The substance produced by 
irradiating carotene, the known biological precursor of vitamin A, thus gave 
the two accepted ptysioal tests for the vitamin. The foots were striking, and 
it was obviously important to apply rigorous tests to decide whether the product 
was identical with vitamin A. 
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Clearly, the only ultimate test for the biological activity of a molecule is its 
action on animals. For carotene and vitamin A f the biological test is par¬ 
ticularly difficult, since carotene itself is converted into vitamin A in the body of 
the animal. This difficulty was pointed out by Heilbron and Morton (1332) 
who also advanced reasons why the irradiation product could not be identical 
with vitamin A. In the circumstances it was desirable to develop more stringent 
physical criteria to apply to the irradiated product and to vitamin A f in order 
to test whether they were the same, before resorting to the biological test. 

We wish to express our thanks to the Royal Society for a grant to one of 
us (F. P. B.) for the monochromator. 

Summary . 

A method is described for the production of monochromatic light of sufficient 
intensity to bring about reasonably rapid photochemical changes. The 
irradiation can be performed on very small amounts of material and the progress 
of the reaction followed spectroscopically. Selective monochromatic irradia¬ 
tion is applied to some of the large molecules of biological importance notably 
ergosterol and calciferol, vitamin B v carotene and vitamin A. 
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Physico-Chemical Studies of Complex Organic Molecules. Part 11.— 
Absorption Spectra at Low Temperatures. 

By F. P. Bowden and S. D. D. Morris, Laboratory of Physical Chemistry, 

Cambridge. 

(Communicated by T. M. Lowry, F.R.8.—Received December 27, 1033.) 

[Plats 9.] 

The physical criterion which has proved most valuable in distinguishing 
between different complex molecules is the absorption spectrum, but the 
absorption spectra have nearly alwayB been measured in solution at ordinary 
temperatures, and usually give broad structureless bands. These bands 
frequently appear similar for different molecules, and are obviously unsatis¬ 
factory for the purpose of recognising a particular molecule and distinguis hing 
it uniquely. The ideal data for spectrosoopic recognition are lines which are 
peculiar to a given atom or molecule. 

At low temperatures the bands of many molecules develop a structure with 
a considerable amount of detail (Kronenberger, 1930 ; Conant and Crawford, 
1930; Arnold and Kistiakowsky, 1932; Spedding and Bear, 1933; Robertson, 
Fox, and Martin, 1934). This is probably due to two main factors: (i) the 
ground state of the moleoule is simplified at low temperatures by the 
elimination of all but the vibrational states of lowest energy; and (ii) the 
Stark effects of the molecular fields of neighbouring molecules is rendered 
more constant as the molecules become quiescent, consequently the blurring 
is reduced. Both effects tend to diminish the width of the absorption bands 
and to bring out details of structure which cannot be recognised at atmos¬ 
pheric temperature. The development of structure will not be a property 
of all molecules; those, whose upper state of the electronic transition cor¬ 
responds to dissociation or to “ predissociation,” will have bands continuous 
under all conditions. But for a very large number of molecules, it should be 
possible to obtain structure at low temperatures, and in all oases narrowing 
of the bands should occur. 


Liquid Air Technique. 

In order to observe the absorption spectrum of a dissolved substance at low 
temperatures! it is es s e n tial that the solvent should not give an opaque crystal¬ 
line mass w^en frozen, but should remain transparent. Several solvents have 
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been used, bat a very suitable one is ethyl alcohol, which solidifies to a trans¬ 
parent glass when cooled qaickly. 

The apparatus for freezing the solution and measuring the absorption spectrum 
at temperatures near that of liquid air iB shown in fig. 1. 

The solution was held in the small 
cylindrical cell 6 made of heavy brass and 
fitted with quartz end plates. A heavy 
copper rod R connected the cell to a 
copper tube T which was sealed on to the 
outside glass vessel. Quartz windows 
were attached to the short side arms A 
and the interior of the vessel was silvered 
to diminish radiation. The top of the 
cylinder was closed by a ground glass 
stopper carrying a tube for liquid air. 

After filling the cell with the solution, 
liquid air was first poured into the stopper 
so as to condense the water vapour and 
carbon dioxide present in tho vessel and 
prevent them from fogging the quartz 
windows. The copper tube was then im¬ 
mersed in liquid air and, after allowing 
time for the alcohol to cool to a viscous 
liquid, the vessel was evacuated. The 
alcohol solidified and was cooled to a temperature near that of liquid air. 

Absorption Spectra of Vitamin A , Carotene and Irradiated Carotene at 
Liquid Air Temperature . 

Under these conditions of freezing and cooling to a low temperature a 
solution of carotene in ethyl alcohol showed a marked sharpening of the three 
bands in the visible and the development of a new band (Bowden and Snow, 
1932). The effect is shown in photographs 1 (a) and 1 (6), Plate 9. Photo¬ 
graph 1 (a) at room temperature shows tho carotene bands at 4790 A., 4440 A., 
and 4200 A. Photograph 1 ( b) shows the effect of cooling. Tho bonds have 
sharpened very considerably and have been displaced toward longer wave¬ 
lengths to 4990 A., 4670 A, and 4350 A., while a fourth band has appeared 
at 4060 A. 
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The ultra-violet band of carotene at 2700 A. became sharper at low tempera* 
tores, but it was little displaced and showed no structure. 

The absorption spectrum of a vitamin A concentrate* at room temperature 
is given in photograph 2 (a) and shows part of the characteristic 3280 A. band. 
This band is diffuse, but in all the concentrates we have examined it has a small 
bat definite subsidiary maximum at 3100 A. The effect of cooling to liquid 
air temperature is shown in photograph 2 ( b ). The main 3280 A. band is shifted 
to 3360 A, and new bands appear at 2900 A., 2770 A., 2680 A, 2510 A, and 
2430 A. The last three were of low intensity. They can all be Been more 
clearly in the original plates than in the photometrioal record. 

Identically the same structure at low temperatures was found in two 
different B.D.H. concentrates and in a concentrate from turbot liver oil pre¬ 
pared by Dr. T. Moore ( t E = 1000 approx). It is possible that the 
detailed structure may be due to an impurity associated with vitamin A. This 
possibility cannot be excluded from any spectroscopic observation not made 
with pure substances. 

The effect of irradiating carotene in its ultra-violet band at 2700, using mono¬ 
chromatic light (X 2650), was to cause the development of a new band in the 
region of 3280 A. which at room temperature closely resembled the vitamin 
A band. 

The effect of cooling to liquid air temperatures, however, showed that 
there was a marked difference between them. The new band was shifted 
to longer wave-lengths and broke up into a series of bands at 3780, 3570, 3410 
and 3210 A. This can be seen in photograph 3, Plate 9. The remnant of 
the carotene band at 2700 is still present and the new band shows structure. 
The 3210 A. band is faint and has not reproduced on the photomstered record. 
The 3760 A. band is beyond the limit of the photograph. It is dear, however, 
that the detailed structure at low temperature is quite unlike that of vitamin A 
at low temperature. This more precise spectroscopic test shows that the 
molecule produced by irradiating carotene is different from that associated 
with the band at 3280 A. in vitamin A concentrates. 

Vitamin E Concentrates. 

Working in collaboration with Dr. T. Moore measurements have been made 
on the absorption spectrum of wheat germ oil and the non-saponifiable fraction 
from it which are known to contain vitamin E. Evans and Burr (1927) 

* A British Drag House oonoentrste l # X *E *■ 1000. 
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showed that the concentrate possessed a high general absorption but concluded 
that it did not give any definite bands that might assist in following the further 
concentration of the vitamin. We found that the bands given by the wheat 
germ oil were so numerous and diffuse that it was difficult to disentangle them. 
At the temperature of liquid air, however, the broad diffuse bands became 
sharper and many of them developed a structure so that the task of analysing 
and allotting them was rendered very much easier. The spectrum of the 
concentrate (the non-saponifiable fraction) is obviously due to several different 
molecules. Some progress has been made in separating these different 
fractions and their absorption spectra have been described (Bowden and Moore, 
1933, a, b ; Morton and Edisbury, 1933; Euler, HeeLstrom and Klussmozm, 
1933). An example of the sharpening of the absorption bands at low tempera¬ 
tures is given in photograph 4, Plate 9, which shows the absorption 
spectrum of the coloured pigment extracted from the concentrate. It will be 
seen that there is a marked improvement in the definition of the bands. 

The effect of cooling has alwayB caused a sharpening of the bands and 
frequently a development of structure, and a shift toward longer wave-length. 
Accompanying this there is an increase in intensity of absorption. 

We are very much indebted to Professor T. M. Lowry for his constructive 
advice and interest in this work, and to the Department of Scientific and 
Industrial Research for a maintenance grant to one of us (S. D. D. M.). 

Summary . 

The absorption spectra of some important biological molecules have been 
measured at liquid air temperature. The bands of (J carotene (in ethyl alcohol) 
become narrower and shift to 4990 A., 4670 A., and 4350 A., and a new band 
appears at 4000 A. The ultra-violet band at 2700 A. becomes sharper but is 
little displaced. 

The main band of vit amin A concentrates at 3280 A. is shifted to 3350 A. 
and new bands appear at 2900 A., 2770 A., 2580 A., 2510 A. and 2430 A. 

Tho irradiation product of oarotene whose absorption band at room tempera¬ 
ture resembles that of vitamin A devolops a structure at low temperatures with 
bands at 3780 A., 3570 A., 3410 A. and 3210 A. This more precise spectro¬ 
scopic test shows that the two substances are not the same. 

The absorption spectrum of vitamin E concentrates is due to several different 
moleoules and some progress has been made in separating these out. 
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Factors influencing the Growth of Normal and Malignant Cells in 
Fluid Culture Media 

By R. J. Ludford, Stroud Laboratory of the Imperial Cancer Research Fund, 

Mill Hill, London 

(Communicated by J. A. Murray, F.R.S.—Received March 3, 1034) 

[Platbs 10-14] 

1. Introduction 

In a former communication (Ludford, 1933,) attention has been directed 
to differences in the growth of mouse tumours in plasma and serum. With 
the aim of elucidating the significance of these differences, further series of 
experiments have been carried out, which have brought to light new facts 
necessitating the revision of my former conclusions, as well as those of previous 
investigators who have worked with fluid media. At the same time further 
insight has been gained into the complexity of the factors which influence the 
growth of tumours in serum. It has been found that different strains of 
transplantable tumours exhibit individual differences when grown in serum, 
and even tumours of the same strain show marked differences from time to time. 
Also, both the type of growth and its extent are influenced by the source from 
which the serum is derived, that is, whether it is homologous or heterologous. 
In describing these experiments it will be necessary therefore to deal with 
different strains of tumours separately. 
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2. Mouse Sarcoma 37 

Concerning this strain of tumour I am unable to add anything to the account 
published in my former paper (Ludford, 1933). Neither in mouse serum, 
nor in rat serum has it been possible yet to obtain good outgrowths of the 
sarcoma cells,. Pure serum and diluted serum ; serum, with and without, 
embryo extract; serum from young and old rats, male and female, both 
pregnant and non-pregnant; also different types of cover slips have all been 
tried without influencing the type of growth. 

In a few cultures small sheets of fibroblasts have grown out after some days. 
These cells are distinguishable from the sarcoma cells by the manner in which 
they (the former) segregate acid dyes such as trypan blue ; also by their appear¬ 
ance by dark ground illumination. The cytoplasm of healthy fibroblasts is 
clearer than that of sarcoma cells, and the mitochondria appear more filamentous 
and coarser. 

3. Crocker Mouse Sarcoma. 

This tumour also has defeated my attempts to obtain good outgrowths of 
malignant cells in serum. In the paper previously referred to, I noted that 
occasionally a few sarcoma cells adhered to the cover glass. Less than a dozen 
out of nearly a thousand cultures have shown sarcoma cells well spread on the 
cover glass. This occurred in old oultures which had not been subculturod for 
some days. Most of the sarcoma cells were much enlarged and many had three 
or more nuclei. Examined by dark ground illumination these cells presented a 
remarkable appearance. Their cytoplasm was filled with granules in vigorous 
Brownian movement, unlike the cytoplasm of colls of the same sarcoma grow¬ 
ing in a plasma culture, which shows little movement. It has therefore been 
concluded that the large spread cells in these serum oultures were in a de¬ 
generate condition, which rendered them adhesive to a glass surface. 

4. Mouse Sarcoma 2529 

This tumour had not previously been grown in vitro . When transplanted 
into mice it grows more slowly than the Crocker sarcoma, or 37 S. It differ* 
from these two sarcomata in that it will grow as sheets of malignan t cells in 
both rat and mouse sera. In our experiments good sheet growths of malig¬ 
nant cells have been obtained in rat serum, when the polyblasts have become 
rounded or degenerate, or after subculturing several times so as to get rid of 
the polyblasts. Thus a marked difference has been found between cultures 
in which the serum has been renewed, and others which have been subcultured 
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by removing the explant to a fresh cover glass and adding fresh medium. 
Fig. 1, Plate 10, represents the result of six-days-growth in rat serum. The 
explant was transferred to a fresh cover with more serum after one day, then 
again after two more days, and the culture was fixed three days later. The 
culture is an almost pure sheet of sarcoma cells, well flattened on the cover 
glass. Very few polyblasts remain, and they are rounded. Fig. 2, Plate 10, 
is a photomicrograph of another six* days-old culture of an explant of the same 
tumour. 'When the culture shown in fig. 1 was suboultured, that of fig. 2 
simply had the old medium pipetted off and fresh added. Both cultures 
received the same medium at the same time. The pg of two similar cultures 
was taken on the sixth day of growth, and found to be the same in both, about 
7*6. Fig. 2 shows part of the extensive outgrowth of polyblasts, which extends 
outwards beyond the limits of the photograph. Only a few well-spread sarcoma 
oells (S) are to be seen. 

Extensive outgrowths of polyblasts are obtained in plasma cultures of this 
tumour, and appear to interfere with sheet growth of the sarcoma cells also. 

When trypan blue is added to either plasma or serum cultures of this tumour, 
the spread tumour cells are seen to segregate a considerable amount of dye. 
In this respect they differ from malignant cells of the same tumour growing 
in vivo, which, as I have previously described, do not segregate acid dyes as 
do fibroblasts. 

5. Mouse Carcinoma 63 

My former conclusion that this tumour would not grow as sheets of malignant 
cells in serum was wrong. I have since found that beautiful sheet growths 
can be obtained in pure, or diluted, mouse serum. Such growths cannot 
always be obtained, and appear to be dependent upon the state of the tumour. 
Since exactly the same technique has been employed in all my later experi¬ 
ments as in some of those previously described, I can only attribute my 
published results to the state of the tumour at the time those experiments were 
carried out. It has been dearly established that the growth of transplantable 
tumours fluctuates in vivo from time to time, and this is correlated with 
variations of growth in vitro ; but even with tumours which have given excellent 
sheet growths of carcinoma cells in mouse serum, none has been obtained in 
rat serum. 

I should point out here that I had accepted the views of previous workers 
without having ascertained myself, that mouse and rat sera were equally 
good culture media for mouse tumours, and that in most of my previous 
experiments rat serum was used. 
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Up to the present time approximately 3000 cultures of this tumour have 
been put up in rat serum, both undiluted and diluted, with various proportions 
of Ringer solution. In all but five cultures growth has been of the type 
deaoribed in my former paper (Ludford, 1933). Five out of twenty-four 
explants of one tumour in rat serum showed a tendency to form sheet growths. 
This was a tumour which grew most vigorously in mouse serum forming 
extensive sheets with innumerable mitoses, in twenty-four hours. The explants 
in rat serum, however, did not proceed to form perfect sheets of malignant 
cells. Only in one culture, fig. 3, Plate 11, was there a small imperfect sheet 
at one aide of the explant forming a striking contrast to the expansive growths 
in mouse serum, fig. 4, Plate 11. Some sheet growths of malignant cells have 
also been obtained in a culture medium consisting of rat serum diluted with a 
hypertonic Ringer solution containing ten times the correct proportion of 
KCL The same tumour in a medium consisting of rat serum with Ringer 
solution showed no sheet growth of the carcinoma cells. 

The difference in the type of growth in mouse and in rat sera appears to 
be due to some influence which the media exert on the adhesive properties of 
the carcinoma-cell membrane. The following experiment supports this 
view. 

Twenty-four cultures of carcinoma 63 (189 A) were put up in mouse serum, 
and the same number in rat serum. After two days all the cultures were 


Table 1—5.12.33. 63/189A 


1 days 


2 days 

. 

No. of 

growth 

in 

Type of growth 

growth 

in 

Type of growth 

cultures 
out of 6 

Moose serum 

Sheet growths of 

Mouse serum 

Increased sheet growth 
of carcinoma cells 

8 


oarcinom* cells 

Hat serum 

Collapse of sheet growths 
of oaroinoma cells. 
Polyblasts remain 

0 

Rat serum 

Outgrowth of 

Mouse serum 

Sheet growths of car¬ 
cinoma cells 

4 


poly blasts 

Rat serum 

Increased outgrowth of 
polybUats 

6 


washed with two changes of Ringer solution. To half of those previously, 
grown in mouse serum a drop of freshly prepared mouse serum was added, 
and to the other half a drop of freshly prepared rat serum. The cultures 
previously grown in rat serum were treated in the same manner. The results 
of the experiment are given in Table I. 

u 2 
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That the carcinoma cells of the explant, which has been for two days In mouse 
serum, then for two days in rat serum, are not all destroyed has been shown by 
•ubculturing the explants again with mouse serum when fresh sheets of car¬ 
cinoma cells have grown out. Sheets of carcinoma cells have also grown 
from the rounded explants whioh have been four days in rat serum, twenty-four 
hours after transferring them to mouse serum. 

This experiment has been repeated with similar results, but in another 
experiment in whioh extensive growth of carcinoma cells had occurred in 
mouse serum, the change to rat serum did not bring about destruction of the 
sheets ; although after forty-eight hours these cultures showed greater oollapse 
of the sheet growths than those which had remained in mouse serum all the 
time. 

These experiments point a warning to the use of serum cultures for thera¬ 
peutic experiments, for if the adhesion of the cells to the cover glass is altered 
so that the cells become detached, then deprived of a support they round off 
and degenerate. As previous investigators (see Fischer, 1930) have pointed 
out, if cells are not supplied with some sort of support they cannot grow u» vitro. 

Further support for this view is afforded by the fact that this tumour will 
grow as sheets of carcinoma cells, either in mouse plasma, or in rat plasma. 
The latter, with fowl plasma added to delay liquefaction, constitutes a good 
medium for obtaining large sheet growths of carcinoma cells, the fibrin of the 
dotted plasma supplying the necessary support for the carcinoma cells. 

Some cultures of this carcinoma in rat serum have exhibited outgrowths of 
multdnudeate giant cells, in addition to the polyblasts, fig. 5, Plate 11. These 
have been moot numerous in cultures made from the hemorrhagic core of 
oertain types of tumour, from which the more common central necroeis was 
absent. These multinudeate giant cells are readily distinguishable from the 
carcinoma cells by their different nuclear structure, and the manner in whioh 
they segregate trypan blue. 

In a few cultures in rat serum, after several days fibroblasts have grown 
out from the explants, spreading themselves on the glass. By so doing they 
appear to have provided a support for a certain number of carcinoma cells to 
wander out. Occasional tongue-like outgrowths of carcinoma cells also present 
the appearance of having been drawn out by the outgrowth of fibroblasts. 
They have not been seen to grow into sheets, but usually become detaohed from 
the glass, and shrink back to the explant. 

Although a good sheet growth of carcinoma cells has net been obtained in 
rat serum, yet outgrowths have been obtained in fowl serum. The number of 
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oultures out of twelve showing sheet growths of carcinoma cells in an experiment 
with different media was as follows :— 

14.11.33. 63/187B 

Mouse serum Rat serum Fowl serum 
6 0 4 

It is of interest to note that mouse and fowl sera are slightly more viscous 
and opalescent than rat serum. 

6. Mouse Carcinoma 206 

(a) Growth in Mouse and Rat Sera —This is the other tumour, the account 
of which in my former paper requires correction and amplification. Some 
tumours of this strain can be grown as sheets of carcinoma cells both in mouse 
serum and in rat serum. The best sheet growths have been obtained in mouse 
serum, although the carcinoma cells tend to contain more fat droplets than in 
rat serum. The percentage of sheet growth of carcinoma cells obtained varies 
very considerably from time to time. Some tumours have not given a single 
outgrowth of carcinoma cells in twenty-four cultures put up in rat serum 
Usually some sheet growth occurs in mouse serum, but negative results have 
been obtained. The difference between growth in rat serum and rat plasma 
is often very striking as in the following experiment:— 

21.4.33. 206/599A 


12 cultures in rat serum . No sheet growths of carcinoma cells, but 

large outgrowth of polyblasts with some 
fibroblasts. 

6 cultures in rat plasma. Extensive sheet growths of carcinoma cells 

with polyblaste. 


Although the experimental conditions are kept as near constant as possible, 
yet when it is essential to employ such a complex medium as serum it is 
impossible to eliminate the possibility of variations in its composition when it 
must of necessity be obtained from different animals over a long period of 
experimentation. That differences in growth depend upon the state of the 
tumour, irrespective of variations in the medium, is seen when two tumours 
of different generations are put up at the same time in the same medium. 
The results of a recent experiment are given in Table II. 
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Table II'—Number of Cultures out of Twelve showing Sheet Growth of 
Carcinoma Cells in the Bame Media 

206/818 A 206/816 A 

In rat strum. 4 0* 

In mouse scrum . 5 11 

* These cultures showed an extensive outgrowth of polyhUsts. 

The age of the rats from which the serum has been obtained has not been 
found to influence the outgrowth of carcinoma cells, but diluting the serum 
with distilled water appears to inhibit the growth of carcinoma cells. The 
results of a typical experiment are given in Table III. 

Table III—9.5.33. 206/601A. Number of Cultures out of Twelve showing 
Sheet Growth of Carcinoma Cells 

Seram from 7»weeks-old Serum from old rat (2J yean) 

rat * -*- 1 

Undiluted 2, serum : 1, water 2, water: 1, serum 

10 9 4 0 

The type of growth obtained from explants of carcinoma 206 varies con¬ 
siderably. Small fragments of some tumours grow as perfect sheets of beauti¬ 
fully spread carcinoma cells with very few or no polyblasts. Explants of 
other tumours give rise to a considerable growth of fibroblasts in addition to 
carcinoma cells and polyblasts. The fibroblasts frequently extend beyond 
the carcinoma cells as Drew (1923) described, but no indication has been 
found of fibroblasts bringing about differentiation of the malignant cells. 
In some cultures there are very few carcinoma cells but numerous fibroblasts, 
the growth of which can be maintained by subculturing. Fig. 6, Plate 12, 
shows such a culture, seven days after subculturing. Trypan blue was added 
to this twenty-four hours after explantation. The fibroblasts segregated the 
dye in the characteristic manner as fine droplets. 

I have pointed out above that explants of some tumours give rise to out¬ 
growths of polyblasts alone. This can occur in an alkaline medium, as the 
following experiment shows:— 

12.4.33. 206/598A 

Me di u m- R at serum prepared six days previously, and kept in a cotton- 
wool-plugged tube in an ice safe. Ph 8*4. To some of this serum lectio Mid 
wm added giving approx. 6*0. 
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Of 12 cultures in medium with j?n 8*4, eleven showed extensive outgrowths 
of polyblasts. 

Of 12 cultures in medium containing lActic acid, pn 6*0, none showed any 
growth. 

Fig. 7, Plate 12, is a photomicrograph of a part of the extensive growth of 
polyblasts in a acven-days-old culture in alkaline serum, p a 8-4. 

(b) Growth in Immune Rat Serum —Since the malignant cells of mouse 
carcinoma 206 will, under favourable conditions, grow in the form of sheets 
of well-spread cells in rat serum, cultures of this tumour afford a favourable 
material for investigating whether the scrum of animals resistant to the growth 
of transplantable tumours exercises any injurious action upon cancer cells. 
Experiments have therefore been carried out with the serum of rats resistant 
to the growth of the Jensen rat sarcoma. In the course of the routine trans¬ 
plantation of this tumour rats in which the tumour failed to grow were put 
aside. At subsequent routine transplantations these received further inocula¬ 
tions with minced tumour (usually 0-1 cc). At the same time as most inocula¬ 
tions were made, some of the same tumour was put up as tissue cultures. On 
each occasion this was done, growth of the malignant cells occurred in vitro . 
In none of the resistant rats did tumours grow at any time. Serum from these 
rats was prepared immediately before setting up the cultures. The design 
and results of an experiment are given in Table IV. 

Table IV—22.11.33. 206/610A. Number of Cultures out of Twelve showing 

any Sheet Growth of Carcinoma Cells 

Monso Rat Serum of 

aerum serum mutant rat* 

Undiluted . 11 1 5 

Diluted with 1 Ringer solution . 12 7 8 

The bold figures denote more wtlonalvo growths. 

* Dates on which resistant rat waa inoculated with Jensen rat sarcoma: 21.0.33, 4.7.33, 
18.7.33, 1.8.33, 15.8.33, 28.8.33, 7.0.33, 10.10.33, 24.10.33, 8.11.33. 

Growth in this experiment was best in mouse serum, and rather better in 
the serum of the resistant rat than in that of a normal rat, but in a second 
experiment there was no difference between the growth in the two latter 
media. 

Another type of experiment has been carried out and the results are given in 
Table V. 

In this experiment the sera prepared on the first day of the experiment 
were used when the media were changed after the first two days growth, the 
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media having been kept in the meantime in the ioe safe. The criticism might 
therefore be raised against this experiment that any specific) anti-malignant 
bodies present in the serum of the resistant rats might have lost their potency 
after two days. Another experiment was therefore performed. Cultures of 
the tumour were made in normal mouse serum. After 48 hours twelve of the 
best sheet growths were selected and the serum of six was renewed with some 


l 

BCotaae •eram. 


Table V—28.11.33. 206/611A 


Days 

- * -, 

2 3 4 

. Motwe Aerum. 

Rcflirtant rat aerum. 


Number of cultures out of 6 
showing good sheet growth of 
malignant cells 

0 

4 


Resistant rat serum* . Resistant rat serum . 5 

Mouse serum .. , 4 


* Dates on which resistant rat was inoculated with Jensen rat sarooma : 4.7.33, 18.7.33, 
1.8.33, 1A.S.33, 29.8.33, 7.9.33, 10.10.33, 24.10.33, a 11.33. 


freshly prepared serum from a young rat, and of the other six with some freshly 
prepared serum from a resistant rat, which had received twelve inoculations 
with Jensen rat sarooma. There was no appreciable difference between the 
subeequent growth of the twelve cultures. Pig. 8, Plato 13, shows numerous 
mitoses in a culture which had grown for two days in mouse serum, and for a 
further day in resistant rat serum. 

Such experiments as these fail to give any insight into the immediate result 
of applying serum from a resistant animal to a healthy culture. It is con¬ 
ceivable that the serum may contain specific anti-cancer bodies in such a 
dilution that it could only act upon the well-spread cells at the extreme peri¬ 
phery of the growth, and these cells may ultimately recover. That this is 
not so has been determined by taking two-days-old cultures in which the 
carcinoma cells have grown as sheets in mouse serum, washing off the medium 
with Ringer solution, then adding a drop of freshly prepared serum from a 
resistant rat which had received twelve inoculations with Jensen rat sarcoma. 
Buoh cultures have been transferred to a warm box at 37° C, and kept under 
observation for two hours, both by transmitted light and by dark ground 
ilhunination. No injury to the carcinoma cells was observed. Examination 
by dark ground illumination is probably the best cytologic&l method for 
detecting injury to cells. I have observed filamentous mitochondria in cultures 
to which very dilute solutions of slightly toxic substances have been introduced, 
break up into short rodlets, become granular and then vesicular in less than 
5 minutes. Injury to the cell is also shown by an increased rate of movement 
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of cell granules, followed by ooagulation, which is readily distinguishable by a 
cloudy appearanoe of otherwise dear cytoplasm. The nucleus also readily 
shows ooagulation. Bright light alone for a short time brings about these 
changes. However, after an hour in “ immune ” serum the well-spread carci¬ 
noma cells at the periphery of a sheet growth showed no changes, either nuolear 
or cytoplasmic. Figs. 9-11, Plate 13, show the typical rod-shaped mitochondria 
(m) in carcinoma cells which have been bathed for an hour with the serum of a 
resistant rat, which had received twelve inoculations with Jensen rat sarcoma. 

I am led to conclude, therefore, that the mouse carcinoma 206 grows equally 
well in normal or “ immune ” rat serum. There is no evidence that the serum 
of a rat resistant to the growth of a transplantable tumour (JUS) contains 
anything inimical to the growth of mouse carcinoma 206. 


7. Other Transplantable Tumours of Mice 

In addition to the tumours so far described, attempts have been made to 
grow others in rat Berum. These include transplantable tar carcinomata 2146 
and 173, mammary carcinomata 27, 113, 91, Twort carcinoma, and the Bonne 
tar sarcoma. Some outgrowth of carcinoma cells has occurred from explants 
of carcinoma 27, but relatively very few cells have spread on the cover 
glass. A good sheet growth has not been obtained. With none of the other 
tumours was there any outgrowth of malignant cells. 

Sufficient work has not yet been carried out with these tumours to draw 
definite conclusions as to their behaviour in rat serum. Even a tumour such 
as 206, which gives extensive sheet growths at times, will sometimes fail to 
show any outgrowth of carcinoma cells, so that it is inadvisable to draw con¬ 
clusions as to the behaviour of any tumour until one has studied its growth over 
a considerable period of time. 

8. Jensen Rat Sarcoma 

(a) Growth in Normal Rat Serum —A cytological study of tissue cultures of 
this tumour has been made by Fell and Andrews (1927) who worked with both 
plasma and serum cultures. They figured good growths of sarcoma oells in 
serum and distinguished between the fibroblast-like cells, and the cells of the 
monocyte-macrophage type, which I have called polyblasts in this com¬ 
munication. 

The best sheet growths of this sarooma are obtained when there are relatively 
few polyblasts, or after these cells have been eliminated by transferring the 
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erplanta to freah oover glasses. Thus in an experiment the following results 
given in Table VI were obtained. 

Table VI—28.3.33. JRS/4I5A 

Ex plant transferred to new coven Serum renewed on the second and 

on the second and fourth day fourth day 

Nine cultures out of 10 showed good Right cultures showed extensive out- 

sheet growth of sarcoma cells on sixth growth of polyblasts, and some scattered 

day. Very few poly blasts. sarcoma cells on sixth day. 

It i8 not necessary that the explant should be transferred to a fresh cover 
glass to obtain sheet growths of the sarcoma cells, for excellent growths have 
been obtained by moving an explant to another part of the same cover slip 
away from the outgrowth of polyblasts. Fig. 12, Plate 14, showB the growth 
obtained from an explant, which hod been moved in this manner, after three 
days in rat serum. The culture was fixed two days after moving the explant 
away from the original outgrowth of poly blasts, part of which, with scattered 
sarcoma cells, is shown in fig. 13, Plate 14. Growths of this sarcoma have 
also been obtained in mouse serum, but the sarcoma cells thon usually contain 
more fat droplets than do the cells of the same tumour grown in rat serum. 

(b) Growth in the Serum of Resistant Rais —Serum from rats resistant to 
Jensen rat sarcoma, which had received repeated injections of tumour emulsion 
as described on p. 285, has also been used to grow this tumour in vitro . A 
typical experiment is given in Table VII. 


Table VII—18.7.33. JRS/419A and Fibroblasts 



Serum from 

Serum from 

Serum from 

tumour-bearing ret 

normal ret 

resistant rat 

Number of cultures out of 12 of 

(Autologous) 

(Homologous) 

(“ Immune ”) 

JRS showing growth of sarcoma 
ceils . 

10 

11 

10 

Number of cultures out of 12 of 




rat embtyo heart showing 
growth of fibroblasts . 

8 

10 

12 


Seven such experiments have been performed. In general the growth obtained 
in “ immune ” and homologous serum has been very similar, although on the 
whole slightly better in 14 immune ” serum. Growth in autologous serum has 
not usually been quite so good. Nothing analogous to Woglom’s (1933) 
results in vivo with Crocker rat sarcoma 39 has been obtained. 


9. Other Rat Sarcomata 

Two other rat sarcomata, Nos. 41 and 48 of this Laboratory, have also been 
grown in rat serum, and have given good sheet growths of sarcoma cells. 
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Rat sarcoma 46 was also grown in the serum of rats resistant to JR8. The 
sarcoma cells grew rather better in the “ immune ” serum than in the serum of 
normal rats. 

10. Discussion 

(a) The Nature of the Growth in Fluid Media —The experiments which have 
been described have shown that the different strains of mouse tumours exhibit 
specific variations when grown in mouse and rat sera. By the technique we 
have employed some strains of tumours have grown as extensive sheets of 
malignant cells in both sera; others in neither; while there are tumours 
which have given extensive sheet growths in mouse Berum and nothin rat 
serum. It is interesting to observe that polyblasts and frequently fibroblasts 
grow out from explants of all tumours iu both sera. The carcinoma 63 has 
been grown in sheet form in both mouse and fowl sera, only very rarely has 
there been a tendency to sheet growth in rat serum. The latter medium can 
even bring about the complete destruction of sheets of malignant cells, leaving 
poly blasts uninjured. As I have already pointed out this does not necessarily 
mean that rat serum is toxic to the carcinoma cells of this tumour, because 
malignant cells of explants put up in rat serum will grow out when transferred 
to mouse serum. Also I showed in my previous paper that carcinoma cells 
within the explant undergo active division in rat serum. Whether cells will 
migrate from the explant or not in a fluid medium depends probably upon the 
capacity of the cells to adhere to the cover glass in that particular medium, 
rather than upon the growth inhibiting or stimulating properties of the medium. 
A toxic substance may destroy all the cells both of the outgrowth and of the 
explant; but a medium which will permit of cell growth may yet prevent any 
outgrowth on the cover glass. Sheet formation has been obtained in vitro 
which presents the appearance of having arisen as the result of cells migrating 
from the explant, without any evidence of division having occurred. Thus in 
some cultures of the skin of the salamander larva extensive growths of epi¬ 
dermal cells were obtained ; but no cell division was observed, either before 
or after fixation. 

The variations in the type of outgrowth obtained with any one strain of 
tumour when it is cultured over a long period presents fresh problems. The 
number of polyblasts migrating from a tumour explant depends principally 
upon the extent to which the animal in which the tumour grew had opposed 
resistance to its growth. In my previous paper I pointed out that a very 
extensive growth of polyblasts is obtained from explants of tumours the growth 
of which had begun to be arrested m vivo. A young vigorously growing 
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tamonr when grown in vitro usually gives rise to very small outgrowths of 
polyblasts, occasionally none at all. It is snob tumours which produce the 
best sheets of malignant cells when grown in a suitable medium. 

It is highly probable that variations in growth also depend upon differences 
in the serum from different animals. Until a suitable synthetic medium oan 
be prepared this aspect of the problem remains beyond an experimental 
analysis. 

(6) Variations in the State of Activity of Malignant Cells and Growth in Fluid 
Media —Besides the extrinsic factors which influence the growth of malignant 
cells in vitro, our experiments indicate that there are other factors intrinsic 
to the oells. The technique employed is exonerated from entire responsibility 
for differences in growth occurring from time to time by the faot that two 
tumours of the same strain but different generations behave differently when 
put up in the same medium at the same time. We do not know what cellular 
changes are responsible for these fluctuations in growth, but since they also 
influence the adhesion of the cells to a glass surface they probably involve 
alterations in the colloidal state of the cells, or at least of the cell membranes. 
As yet we have not been able to control these changes experimentally, and are 
therefore unable to say how any tumour may behave in fluid media under 
special conditions, so it is at present inadvisable to make absolute statements 
about the growth of any tumour in serum. There may be some phase in the 
growth of all tumour oells when they will grow in sheet form in serum. If so, 
we have never ezplanted sarcoma 37, or the Crocker sarooma at this critical 
stage. 

Apart, however, from how tumours may behave on some rare occasions when 
one assumes they are in a peculiar phase of activity, it is possible to speak 
of the general type of their growth in serum. Thus one can be reasonably 
certain of being able to obtain an outgrowth of malignant oells of mouse 
sarcoma 2629 in rat serum, but not of sarooma 37; also of mouse carcinoma 
206, but not of carcinoma 63. There is no doubt about the marked differences 
in the general behaviour of the different strains of tumours when ezplanted in 
mouse and rat sera. 

(«) The Reaction of Malignant Cells to Trypan Blue —In my former paper 
I suggested that the failure of mouse cancer oells to wander out on a glass 
surface might be due to an' increase in the fat or lipin content of their plasma 
membranes, which would also offer an explanation of their inability to segregate 
a water soluble dye, such as trypan blue. It is of interest to note in this 
connection that the malignant oells of sarcoma 37 and the Crocker sarooma, 
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which have not been grown in sheet form in either rat or mouse sera, do not 
segregate trypan blue as do fibroblasts in vivo or in vitro. On the contrary, 
the malignant cells of sarcoma 2029 are not stained in vivo by injections of 
trypan blue sufficient to stain intensely fibroblasts and polyblasts of the 
stroma, yet these sarcoma cells grow as sheets both in rat and mouse sera, 
and can be vitally stained by the addition of trypan blue to the cultures. 
The cells of the rat sarcomata that have been studied present similar peculiarities 
(Ludford, 1932, b). When cells spead themselves out in tissue cultures their 
surface areas are considerably increased. The increase is greatest with the 
widely spread cells around the periphery of a sheet growth in serum. Such 
cells are frequently reduced to little more than a film of protoplasm adherent 
to the cover glass, which is apparently under a tension, because injurious agents 
acting upon such cells cause them to contract and round off; even a brilliant 
light is sufficient to bring about this shrinkage. Aamiming therefore that with 
well-spread cells the plasma membrane is stretched, alteration in its ultra- 
microscopic structure is highly probable. When such cells are bathed with a 
dye solution maintained at a higher concentration than is possible in vivo , 
dyestuff may be able to penetrate although unable to do so under the con¬ 
ditions obtaining in vivo. The fact that Bomo malignant cells are able to 
spread out on a glass surface in serum, and not others, would have to be 
attributed to differences in the colloidal state of the protoplasm of the various 
strains of tumours. 

In support of this conception it is worthy of note that when well-spread 
tumour cells growing in plasma cultures to which trypan blue has been added 
are examined under dark ground illumination, dye droplets can often be 
observed in their cytoplasm although these escape detection when examined 
by transmitted light. This applies to the spread cells of most of the strains 
of tumours, even those such as the Crocker sarcoma, which under more normal 
conditions of growth do not segregate acid dyes. 

(d) The Relation between Malignant Cells and Polyblasts— That there is 
some relation between cells of the macrophage type and sheet growth of 
malignant cells has been indicated by several of our experiments. The con 
ditions under whioh we have obtained sheet growths of malignant cells in 
suitable fluid media have been :— 

(1) when the explant contains no polyblasts, or very few; 

(2) when the polyblasts have wandered well oat into the medium away 
from the explant; 
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(3) when the polyblasts have been filled with fat droplets, or become rounded 
and apparently inactive; 

(t) when the polyblasts have been eliminated by subculturing. 

Certain strains of tumours, which I have already mentioned, have not yet been 
grown as sheets of oells under any of these conditions. 

No evidence has been found that the polyblasts produce substances injurious 
to the malignant oells ; their action seems rather to be a mechanical one. 

Unlike the conditions existing in plasma cultures where cells can migrate 
from the explant on the fibrin reticulum, in serum cultures the cells have only 
the surface of the cover slip for their support. Hence a large outgrowth of 
active polyblasts may tend to crowd out the malignant cells. Then the poly- 
blasts are actively phagocytic. In living culture they have been seen to 
clasp the processes of malignant cells causing them to retract. By their 
phagocytic efforts they appear to offer resistance to the attempts of the 
malignant cells to move along the surface of the cover glass. 

(e) Immunity to the Growth of Transplantable Tumours —So far as my previous 
criticism of Lumsdens (1931) work on immunity in vitro was based on my 
erroneous conclusion that " in serum cultures only non-malignant cells wander 
out from the explan ta,” I unreservedly withdraw it. One of his photomicro¬ 
graphs shows that he had obtained emigration of malignant oells (Lumsden, 
1931, fig. 7), but the culture illustrated was not shown treated with 
“ immune serum.” The crucial point of my criticism of his work was, and 
remains, that he failed to distinguish between malignant cells and cells of the 
monocyte-macrophage type. In the experiments which he performed with 
mouse carcinoma 63, his photomicrographs show that he mistook the cells of 
the monocyte-macrophage series for carcinoma cells. This is clearly evident, 
as I pointed out in my former paper, in “ figs. 9,11, 18,24, and 25 of tumour 
63 in the recent review of his work, in the ‘ Amer. J. Cancer,’ 1931 ” (Ludford, 
1633, p. 259). He frequently employed rat serum as a culture medium for 
this tumour, failing to recognise, as described in this communication, that 
apart from very exceptional circumstances, only cells of the monocyte-macro- 
phage type migrate from the explants in this serum. His figures do not show 
malignant cells. I pointed out in my previous paper that any substances for 
which a specific destructive action on cancer cells in vitro , is claimed, as 
Lumsden has done (1931, p. 590), should leave the oells of the monocyte- 
macrophage type uninjured, while destroying the malignant cells. Lomsden’s 
photomicrographs (1931) show that his “ immune sera ” destroy the non- 
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malignant cells, but fail to reveal the fate of the malignant cells. My identi¬ 
fication of the cells of the monocyte-macrophage type is baaed upon the follow¬ 
ing considerations. 

(i) Their morphology: relatively small nuclei, vacuolated cytoplasm, 
irregular shape and outline : and their active movement. 

(ii) Their characteristic appearance by dark-groond illumination : relatively 
large vacuoles and granules near the nucleus, and clear peripheral cytoplasm 
with rod-shaped mitochondria. 

(iii) Their intense staining with trypan blue, which renders them readily 
distinguishable from malignant cells even in those strains of tumours, the 
malignant cells of which show some vital staining. 

(iv) The vital staining of their cytoplasmic vacuoles with basic dyes such as 
neutral red. The coloured vacuoles characteristically form a group at the 
side of the nucleus (Lewis, 1927). 

(v) The same kind of cells migrate from the explants of all types of tumours, 
sarcomata and carcinomata. They can be most easily distinguished from the 
malignant cells when the latter are exceptionally large (e.g., carcinoma 27), or 
when the malignant colls contain well-defined inclusions as in carcinoma 27, 
Passey's melanotic sarcoma, or Foulds' mast cell sarcoma. 

(vi) With suitable tumour explants it is possible by repeated transference 
to fresh cover glasses and fresh medium to eliminate the non-malignant cells, 
and obtain a relatively pure culture of the malignant cells (p. 280), see also 
Carrel and Ebeling (1928). 

(vii) The same type of cells migrate from tho explants of non-malignant 
tissues, especially in cultures of lymph node, and embryonic skin. 

I contend that so far as one is able to judge from Lumsden's photomicrographs 
he did not investigate the action of his immune sera on cultures of vigorously 
growing malignant cells. It therefore seemed desirable to reinvestigate this 
aspect of the problem. My experiments with the Jensen rat sarcoma com¬ 
pletely confirm his conclusion that, “ if the serum of a rat immunized against 
JRS is applied to cultures of rat-grown JRS cells, it does not injure them 
. . (Lumsden, 1931, p. 593). In the same paragraph he states that the 
serum of a rat rendered “ hyper-immune ” to Jensen rat sarcoma contains 
specifically anti-malignant bodies which have “ markedly deleterious effects ” 
upon mouse-grown M.63 cells. In my experiments with this tumour it was 
found that the sheets of malignant cells grown in mouse serum ooukl often 
be destroyed by the addition of the serum of a young normal rat, and I have 
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suggested that this result is due to the adhesion of the malignant oella to the 
surface of the cover glass being altered by rat serum. It was necessary, 
therefore, to experiment with a tumour the malignant cells of which would 
grow well in sheet form in normal rat serum. Such a tumour is the mouse 
carcinoma 206. When the serum of a rat " hyper-immune to JRS ” was 
applied to healthy cultures of this tumour grown in mouse serum, no deleterious 
effects, either immediate or late, were observed (p, 288). 

If the serum of an animal resistant to tumour growth contains nothing 
inimical to the growth of malignant cells, how then are we to explain the 
failure of a tumour graft to grow in a resistant animal ? I would suggest 
tentatively that it is the cells of the monocyte-macrophage series which are 
principally responsible. Murphy (1926) has previously expressed similar 
views. Around a tumour graft in a resistant animal they collect in large 
numbers (Mottram and Russ, 1917) forming a barrier depriving the malignant 
cells of adequate nutrition, and preventing fibro1>Ats and capillaries from 
growing in and forming a stroma (see Russell, 1908; Woglom, 1912). By 
their phagocytic activities they interfere with the malignant cells, attempt to 
throw out protoplasmic processes in Air search for a support on which to 
wander out into the surrounding tissues. Thus the malignant cells are 
segregated so that they slowly die, unless the macrophage barrier is broken 
down or these cells are inactivated as in my experiments with acid dyes and 
metallic colloids (Ludford, 1932, a). 


11. Summary 

(1) By the technique we have employed significant differences have been 
found in the behaviour of different strains of tumours in mouse and rat sera, 
figs. 3 and 4, Plate 11. Some tumours have not been grown os sheets of malignant 
cells in either mouse or rat sera; other tumours have given good sheet 
growths in mouse serum, but not in rat serum ; while still others have grown 
in both sera. 

(2) Tumours of the same strain, but different generations, exhibit consider¬ 
able variations in the extent and the type of their growth, even when explanted 
at the same time and in the same medium. Their behaviour in vitro confirms 
observations made in vivo that fluctuations occur from time to time in the bio¬ 
logical state of malignant oella. 

(3) Fibroblasts and cells of the monocyte-macrophage series of all the- 
tumours studied grew well in both rat and mouse sera, figs 6 and 7, Bate 12. 
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(4) The oellfl of tumour strains which have not been grown in sheet form in 
rat serum, grow as such in rat plasma. 

(B) Explants of mouse tumour 63 which have given rise to no outgrowths 
of malignant cells after four days in rat serum have given sheet growths 24 
hours after being transferred to mouse serum. Controls kept in rat serum 
have still remained quiescent. 

(6) Sheet growths of carcinoma 63 in mouse serum have been broken up 
by washing the cultures and adding rat serum. Fresh sheet growths have 
arisen on transferring again to mouse serum. Control cultures treated in 
the same way but kept in mouse serum all the time have continued their 
growth. 

(7) It is suggested that whether, or not, cells form sheets from explants in 
a fluid medium depends upon the adhesion of the cells to glass in that particular 
medium rather than upon the growth-promoting or growth-inhibiting properties 
of the medium. Cells wflfeh fail to migrate from the explant may yet undergo 
mitosis within the explant. 

(8) The malignant cells of mouse carcinoma 206, which in certain states of 
the tumour form sheets in rat senun$qpow equally well whether the serum is 
obtained from a young rat, or from a rat“ hyperimmunized ” against Jensen’s 
rat sarcoma, fig. 8, Plate 13. No evidence has been found that such “ immune ” 
serum contains anything inimical to the growth of this tumour in vitro , 
figs. 9-11, Plate 13. 

(9) Certain differences in the reaction of malignant cells to trypan blue 
in vivo and in vitro are attributed to the maintenance of a higher concentration 
of dye, and the spread out condition of the cells in tissue cultures. 

{10) The presence of large numbers of active cells of the macrophage type 
has been found to interfere with the sheet formation by malignant cells in 
fluid media, figs. 1 and 2, Plate 10. This is regarded as due partly to crowding 
out of the malignant cell on the surface of the cover glass, and partly to the 
phagocytic activities of the polyblast offering resistance to the movement of the 
malignant cells along the surface of the coverslip. It is suggested that it 
may be the activity of cells of this type accumulated around a tumour graft 
in an u immune ” animal which prevents its growth. 
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DESCRIPTION OF PLATES 

Abbreviations used :—B., trypan bluo ; Im., immune ; M., mouse ; R. t rat; S., serum. 
An oblique stroke, thus, /, implies that the explant was transferred to a fresh cover 
glass ; a horizontal stroke, thus, —, implies that the medium of the oulture was renewed. 

Figures denote the number of daya the explant remained in the medium, e.p., RSl/2/3 
means a oulture was put up in rat scrum, the explant was transferred to a fresh oovor glass 
after one day, again after another two days, and remained three days in the last modium. 
MS 1—2—8 B2 means a oulture was put up in mouse scram, and the modium was renewed 
after one day, again after a further two days, and stayed in the last drop of medium for 
three days, when a small drop of 0 *6% trypan blue was added, and remained for two days. 

Plats 10—Mouse Sarcoma 2629 

Fifl. 1—Culture in rat serum showing the outgrowth of well-spread sarcoma oells. Poly- 
blasts have boon eliminated by transference of the explant to fresh covers. RS 1/2/3. 
(X 60.) 

Fig. 2—Culture in rat serum, showing part of the extensive outgrowth of polyblasts, and 
a few scattered sarcoma cells, (8) spread on the oovor glass. RS 1—2—3. (X 60.) 

Flats 11—Mouse Caroinoraa 63 

Fio. 3—Explants in rat serum showing a tendency to sheet formation. This is the best 
outgrowth of carcinoma cells, which has been obtained in rat serum. RS 2—3. 
(X 17.) 

Fro. 4—Culture of the same tumour as fig. 3, put up at the same time in mouse serum. 

Extensive outgrowth of carcinoma cells. MS 2—3. ( X 17.) 

Fio. 6—Oulture of another tumour in rat serum showing the rounded explant and out¬ 
growth of polyblasts, macrophages, and multinuoleate giant cells. RS 1—1 B2. 
(X 83.) 

Plats 12 

Fio. 6—Outgrowth of fibroblasts from an explant of mouse carcinoma 206. RS 1 B2/RS 7. 
(X 62.) 

Fio. 7—Part of an extensive outgrowth of polyblasts and macrophages from an explant 
of mouso carcinoma 206. RS (pu 8*4) 7. (X 62.) 

Plats 13—Mouse Carcinoma 206, in Serum of Rat 41 hyperimmune " to Jensen's 

Rat Sarcoma. 

Fio, 8—Mitosis of carcinoma oells 24 hours after the addition of 44 hyperimmune ” <« 
negative inoculation, of JR8) nt aerum. MSS—lmfiSL ( X 333.) 
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Pros. fr-11—Jfafiphecml cytoplasm of ownrinoma oells os the margin of a culture, grown 
In moose serum for two daym, This serum had been removed, and the culture washed 
with two changes of Ringer solution, and a drop of freshly prepared serum added 
from a resistant rat which had received 12 inoculations with Jensen's rat sarcoma. The 
figures show the unaltered filamentous mitochondria after one hour in the “ hyper¬ 
immune serum." m. v mitochondria; n.„ nucleus. MS2—Im RS 1 hr. (X 1500.) 

Plato 14—Jensen's Rat Sarcoma 

Fn>. 12—Outgrowth consisting mostly of sarcoma cells from an explant which had bean 
moved on the third day away from the original extensive outgrowth of poly blasts. 
R81—2—j (X 41.) 

Fra. 13—Part of the original extensive outgrowth of polyblasts with scattered sarcoma 
cells in the same oulture as fig. 12. RS 1—2—2. (X 41.) 
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The Limit of High Flying when Breathing Oxygen 

By Sir Leonard Hill, F.R.8. 

(Reoeived February 5, 1934) 

The experiments herein described were carried out at the works of Messrs. 
Siebe Gorman, Ltd., with the oo-operation of Sir Robert Davis, who kindly 
plaoed at the author’s use the necessary apparatus. A small cylindrical copper 
chamber was used about 20 inches long and 12 inches wide. One end was 
hermetically olosed, and the other fitted with a removable lid; a thick glass 
disc formed the larger part of this lid, and served as an observation window. 
An air-tight junction was made between the lid and the chamber by 
means of thick rubber washers lubricated with glycerine. When a positive 
pressure was used a set of bolts and nuts secured the lid to the chamber and 
made the closure air-tight. The chamber was made to withstand pressure up 
to +130 lbs. It was fitted with valved inlet and outlet tubes; one tube 
connected the chamber with a pressure gauge. For ovacuating the chamber and 
studying the effect of low pressures^ an efficient pump was used with the piston 
working in oil The stroke of the pump was driven by a bond off the workshop 
shafting. The chamber was evacuated by this means down to the lowest 
pressure required (70 mm Hg), in about 6 minutes. To indicate the pressure 
during evacuation the chamber was connected to the top of a barometer tube, 
which was fitted with a scale ; the bottom of this tube dipped in a cup of 
mercury. The chamber was placed in the vertical position, and a wooden 
platform arranged inside on which the animals rosted in full view under the 
glass window. The opening of the inlet tube used for ventilating the chamber 
was carried below this platform, so that the chamber could be thoroughly 
washed out with oxygen, or a mixture of oxygen and nitrogen. After the 
animals, e.g. t two rats, had been introduced, and the chamber olosed, the inlet 
tube was connected, in the first series of experiments, with a cylinder of oxygen 
(99%) and the chamber well washed out with this gas. It was then repeatedly 
evacuated down to about 150 mm Hg, oxygen being admitted each time. This 
procedure secured a purity of oxygen in the chamber, as was shown by analysis. 
Finally the chamber was evacuated down to the pressure whereat symptoms 
of acute dyspnoea became manifest, a slow inflow of oxygen being maintained 
during this evacuation. The animals settle down, and quietly rest on the 
platform during the final evacuation, that is until the pressure drops to about 
100 mm Hg, they then become restless, and when the pressure drops to 90-80 



Limit of High Flying token Breathing Oxygen . 299 

mm Hg their breathing becomes very deep and slow and they show other signs 
of want of oxygen* Rats make convulsive leaps towards the window of the 
chamber, and on coming to rest their limbs straddle out, guinea pigs and 
pigeons fall over, monkeys close their eyes and fall asleep when the pressure 
falls below 120-110 mm Hg, and then as the pressure fells below 100 sink 
lower and lower down, but are still able to balance themsolves in the sitting 
posture. Below 90 mm Hg the head fells against the side of the chamber and 
the monkey is unable to recover its balance when the chamber is shaken. The 
animals quickly recover when oxygen is let in, thus the evacuation could be 
repeated several times with like result. Goats were observed in a larger 
chamber which took about 35 minutes to evacuate. They were at first in the 
standing posture, but lay down when the pressure fell to 100-90 mm Hg and 
made convulsive movements when it reached 90-80 mm Hg. 

The conclusion was reached that about 85 mm Hg is the pressure at which 
severe symptoms occur for all these classes of animals. These experiments 
confirm the classical ones of Paul Bert (1878). He noted that a sparrow fell 
over when the pressure of oxygen fell to 75 mm Hg. 

When breathing oxygen Jongbloed (1929) had exposed himself and another 
to 124 mm, while Talenti found 115 mm Hg the limit for full conscious 
control in the case of men. The author had the opportunity of testing this on 
Mr. Eric Taylor with the co-operation of Professor Barcrofb (Barcroft and 
others,. 1931) and Wing Commander Marshall (1933). Mr. Taylor breathed 
oxygen from a Salvus apparatus, while the chamber (in this oase containing 
air) was evacuated. He took notes in full view of the observation window. 

The reduction of pressure proceeded without incident up to 35,000 feet, 
when slight loss of the subject’s original fresh colour was noticed. 

At 37,000 feet he counted his own pulse and wrote the result on paper, as 
shown in fig. 1, without any difficulty. 

At 40,000 his colour was definitely paler than normal and Professor Barcroft 
remarked on this. At this height, the rate of climb was certainly not more 
than 1,000 feet per minute. The subject nodded when asked if he was quite 
comfortable and, objectively, appeared to be in no distress at all, though 
occasionally ho took a deep, sighing respiration. Apart from this, his respira¬ 
tion was slightly hurried and very notioeably deeper than normal and he was 
seen to manipulate the oxygen apparatus so as tw ensure au adequate supply of 
oxygen. He says that he was beginning about this time to be conscious of 
oxygen shortage whioh manifested itself in some difficulty of vision and hearing, 
requiring a definite mental effort to enable him to focus au object clearly. 
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Just below 40,000, he appeared leas at ease and his colour leas good. At 
43,660 feet (114 mm Hg) he was seen to make an effort to write on a block of 
paper and the moment he began to do this ho passed into a state of jaotitating 
movement whereby every movement attempted became a series of abort, 
rapid purposive jerks. The tablet fell from his knee and the pencil out of his 
hand, and it was difficult to determine whether the movements that he made 
after this were mere jactitations or attempts to recover the articles that he had 
dropped. All the movements were directed towards a point on the floor beside 
his right foot. His face bad become an ashy-grey. He was visibly sweating 
and it was obvious that the experiment must be terminated immediately. 

Air was then admitted to the chamber so as to bring him down at groat 
speed to 42,000 feet where the pressure was held for a minute or two in the 
hope that he would recover. He did recover to the extent of sitting up, 
picking up paper and pencil and beginning to write ; this writing is shown in 
the figure beginning with the word " slight.” The first word was written 
with apparent ease and confusion only began with the repeated vertical strokes 
of the word “ dimming.” 

As the apparent recovery seemed in danger of being lost, it was deoided to 
abandon the experiment and the “ height ” was reduced at a fairly constant 
rate of about 3000 feet per minute. 

The writing of the four lines beginning with the word “ slight ” occupied 
fully 2 minutes aud at about 30,000 to 32,000 feet be stood up and showed this 
writing at the porthole. 

10,000 feet lower he wrote the three lines beginning with the word “ quite,” 
and this time his writing was much faster, probably half as fast as normal. 
By this time his colour had almost entirely returned and he appeared alert 
and once more to be taking an interest in the experiment. 

On being told at his request the maximum “ height ” attained, he wrote the 
words “ I told you so 1! 111 ” (referring to the opinion of one of those present 
that this height would constitute the limit of toleration) and displayed the 
high merriment that one associates with drunkenness or the administration of 
nitrous oxide, He says that this merriment was occasioned by the peculiar 
appearance of his earlier handwriting. 

The remainder of the desoent was uneventful. 

On being released from the chamber, he climbed out easily and stood up 
without swaying. 

His colour was red enough, but still with a slightly ashen tinge, especially 
about the lips and lobes of the ears. 
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On being questioned he had evidently no knowledge of having been un¬ 
conscious, though all who had seen him were agreed that he had undoubtedly 
been so. He had no recollection of dropping the pad or pencil or of picking 
either of them up. When writing the paragraph beginning “ slight,” he was 
aware of the need for concentration and that he was writing badly, but not of 
the repetitive nature of this writing. He said that he had felt no pain beyond 
some intestinal distension and some ache in the muscles of the front of the 
arms which disappeared before the pressure had returned to normal It is 
most important to note that this subject states that at the moment when he was, 
in fact, fainting, he felt that although he was slightly embarrassed by oxygon- 
want, he could have gone on to a much greater height. This corresponds 
with the same subject’s feelings on a previous occasion when he faintod from 
oxygen-want. 

Previous to this experiment Captain C. F. Uwins flew successfully to a 
height of 44,000 feet, where the pressure fell to 110 mm Hg. To go higher it 
is necessary to enclose the pilot in a special dress wherein the pressure can be 
made higher than the atmospherio pressure. Acting on the advice of Hr. 
J. S. Haldane (1922), Sir Robert Davis has contrived such a dress, and enclosed 
in this and breathing oxygen, from an oxygen-breathing apparatus, Mr. Mark 
Ridge was successfully submitted in a chamber to an evacuation which 
corresponded to a height of 90,000 feet. By this simple means the possible 
height of flying has been doubled; there is no need for expensive and heavy 
observation chambers used at ordinary air pressure by Piccard, and others, 
for their balloon observations at great heights. 

Having determined the possible limit when breathing oxygen, a second 
series of experiments was carried ont, which enabled the author to measure 
the combined tension of water vapour and carbon dioxide in the alveolar air, 
and so find the actual tension of oxygen at the point when acute signs of 
dyspnoea occur. To effect this, a cylinder containing a oompressed mixture of 
oxygen 5% and nitrogen 95% was connected with the inlet of the chamber, 
and the pressure raised rapidly to a point which gave a sufficient partial 
pressure of oxygen, e.g., +3 atm. The chamber, while at this pressure, was 
then very thoroughly ventilated with the mixture. To efieot more complete 
washing out, the pressure was next raised to +6 atm and lowered to +3 atm 
several times. When a mixture of 5% of oxygen and 95% of nitrogen is 
breathed at a pressure of three or four atmospheres (abs.) the partial pressure 
of oxygen is equal to 20% of one atmosphere. On now lowering the pressure 
down to one atmosphere (abs.) the partial pressure of oxygen foil to 5% of 
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one atmosphere and the animals breathed deeply and showed signs of acute 
dyspnoea. Using this mixture containing only 5% of oxygen, it is dear that 
the carbon dioxide and water vapour in the alveoli have a negligible effect on 
the alveolar oxygen partial pressure. Hence we can take the external oxygen 
partial pressure as being equal to the oxygen pressure in the alveoli. This 
comes to about 7*6 x 5 = 38mm Hg. When mixtures containing 2} or 2% 
of oxygen were used the same partial pressure of oxygen was found to be oritioaL 

Now we have seen that when almost pure oxygen was breathed and the 
chamber evacuated, symptoms of dyspnoea occurred when the pressure fell 
to about 86 mm Hg. Taking 38 from 86 wo have 47 left as the combined 
alveolar partial pressure of water vapour and carbon dioxide. A further 
series of experiments showed that when this figure 47 was taken the oxygen 
partial pressure came out in good agreement with the figure 38, whatever 
the gas mixture which was UBcd. The results are shown in Table I. 

Christie and Loomis (1932) by voluntary rapid shallow breathing lowerod, 
in man, the alveolar water vapour tension to 38 inm Hg and the carbon dioxide 
tension to 22 mm Hg, a total of GO mm Hg. 

Campbell (1927-1930) found in animals living in a partial pressure of oxygen 
equal to 7*5% of one atmosphere a tension of carbon dioxide in the tissues of 
about 20 mm Hg. In the above experiments animals (before showing signs of 
acute dyspnoea) breathe slowly and deeply ; this breathing must help to wash 
out the carbon dioxido and the output of this gas must also be lowered through 
oxygen-want. 

Jongbloed (1929) found an alveolar tension of carbon dioxide of 27-30 mm 
Hg in three men, and 20*2 in one, when exposed to a pressure of 139-124 mm 
Hg, while breathing oxygen. 

Everest climbers at the great heights suffer much from dry throats; the 
panting respiration and the very dry atmosphere together must tend to lower 
the alveolar water vapour tension. Their body temperature may fall, the 
temperature of the expired air being lower than at sea-level. By such means 
the Christie and Loomis figure 60 may be lowered to about 47. It is worth 
noting that Paul Bert (1878) found that the body temperature of animals 
fell when kept at low air pressure, e.g. 9 by 2° C for a dog kept for 2 hours at 
260, and to 26° C for guinea pigs kept 1 hour at 260 to 220 mm Hg. Such 
ttniTTutlw in a comatose state and so cooled down may withstand exposure for 
some time to 3-6% of oxygen = about 27 mm Hg and finally be recovered. 

A third series of experiments showed that a mixture of oxygen 93% and 
oarbon dioxide 7% gave results similar to those obtained when pure oxygen 
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Table I 


Alveolar 


No. 

No. 


Pressure 

pp. of 

of 

of 

Composition of gas 

in 

oxygen wh 

rpt. 

animals 


chamber, 

dyapncea 




mm Hg 

occurred 




Bats 

1 

2 

Air . 

186 

28 

2 

2 

00% O . 

84 

37 

3 

2 

Air . 

210 

33 

4 

2 

M% O . 

82 

30 

5 

2 

2% O. 98% N . 

1792 

30 

6 

2 

Air . 

210 

33 

7 

2 

90% O . 

87 

40 

8a 

2 

50% O. 00% N 

112 

33 

86 

2 

50% O, 50% N 

122 

37 

0 

2 

90% O . 

82 

30 

10 

2 

*1% O. 97*% N . 

1704 

40 

Ila 

2 

00% O f 00% N . .. 

120 

30 

116 

2 

00% 0. 00% N ... 

110 

34 

12 

2 

09% O . 

S3 

36 

13a 

2 

Air. 

108 

30 

136 

2 

Air 

188 

28 

14 

2 

00% 0 . .. . 

01 

44 

10 

2 

90% 0 .. . 

81 

34 

10 

2 

03% 0,7% CO, . 

81 

32 

17 

2 

Air . . 

197 

30 

18 

4 

2*% O, 07*% N 

1722 

42 

10 

4 

Air. 

172 

25 

20 

4 

77% O 

102 

42 

21 

4 

90% O . 

72 

25 

22 

4 

93% 0.7% CO, .. 

72 

23 

23 

4 

00% 0 . 

84 

37 


Signs of dyspnoea 


Deep alow breathing. Convulsive 
14 escape" movements, the 
limbs straddle out when the 
animals come to rest. 


Goats 


1 

2 

00% 0 . 

90 

43 




Guinea Pigs. 

1 

1 

Air. 

190 

29 

2 

1 

00% o . 

00 

48 

5 

1 

2% O t 08% N . . 

... 2002 

41 

4 ' 

2 

83% 0. 7% CO, 

84 

34 

0 

2 

Air. 

188 

28 

6 

■ 2 

99% 0 . 

01 

44 

7 

2 

83% 0,7% C0, . 

06 

46 

8 

2 

ee4 o . 

83 

36 

0 

2 

90% O . 

80 

42 

10 

2 

90% O . 

84 

37 




Pigeons 


1 

1 

Air .. 

187 

28 

2 

1 

99% 0 . 

78 

31 

3 

2 

S% 0, 98% N . 

. .. 1010 

32 

4 

1 

99% 0 . 

87 

40 

0 

1 

00% 0, 60% N .... 

112 

33 

0 

1 

99% 0 . 

84 

37 

7 

1 

S% 0, 98% N .... 

.... 1816 

36 


The animals while standing show¬ 
ed signs of disturbance and lay 
down, convulsive movements of 
limbs occurred below 00 mm Hg. 


Deep slow breathing. Limbs 
straddled out and animals fell 


Deep slow breathing. 
sank down and then fell over. 
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Table I—(continued). 

Alveolar 

No. No. Pressure pp. of 

of of Composition of gas in oxygen when Signs of dyspnoea 
expt. animals chambers, dyspnoea 

mm Hg oo our rod 


Monkeys 


1 

1 

*>% O, 50% N ... 

105 

29 

2 

1 

24%0.97i%N . 

1521 

37 

3 

1 

Air .. 

195 

30 


4 

1 

99% 0 

63 

17 

5 

1 

99% O 

65 

17 

6 

1 

99% O 

80 

33 

7 

1 

7% CO t , 93% 0 . 

77 

28 

8 

1 

99% O 

79 

32 

9 

1 

3% 0, 05% N 

749 

35 

10 

1 

99% O . 

62 

17 

11 

1 

90% O. 

78 

31 

12 

1 

09% 0 . . . . 

88 

41 


Beep slow breathing. The animals 
sank down and anally the head 
fell against the aide of the 
chamber. The animal was un¬ 
able to balance its position when 
tho chamber was shaken. 

At this point tho monkey was 
dying. 


Monkey dying. 


was breathed. Symptoms of dyspnoea came on at 90-80 mm Hg. At such 
low pressure the alveolar oxygen pressure is not very significantly altered by 
tho 7% of carbon dioxide. 

Behague, Garseaux, and Richet (1928) carried out a series of evacuation 
experiments which appeared to show that in rabbits exposed to increasing 
oxygen percentages death takes place at increasing oxygen partial pressures, 
*ee Table II. 


Table II 


% of oxygon in air 
breathed 

Oxygen partial 
at deal 

815 

17 

18 a 31 

29 

32*42 

32 

52*61 

46-6 

61*89 

52 


If we calculate roughly what the oxygen percentages are, taking 47 for 
carbon dioxide and water vapour, and use the mean percentage of the figures 
given in tho left-hand column, we get the results shown in Table III. 


Table III 


% of oxygen 

Oxygen partial pressure 
at death 

12 

—- 

20 

19*4 

37 

14-8 

56 

20-1 

75 

16-5 


The figures in the right-hand column cannot be used to confirm the view 
taken by these authors, but rather those expressed in this paper. 
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Margaria (1926) supported the conclusions of Behague, Garseaux, and 
Riohet, and further stated that the addition of carbon dioxide to the atmosphere 
breathed modified the resistance of guinea pigs to verified oxygen, but did not 
affect their resistance to such oxygen-want when this was produced by adding’ 
nitrogen to air. 

In all the experiments described in this paper the deciding factor is found to> 
be the partial pressure of oxygen in the alveolar air. 

Conclusions 

When breathing oxygen loss of consciousness occurs in monkeys and men 
when the barometric pressure falls to about 115 mm Hg. Signs of acute oxygen- 
want occur in monkeys, goats, guinea pigs, rats, and pigeons when the pressure 
falls to about 85 mm Hg. 

When 6% or less oxygen is breathed at high barometric pressure, symptoms 
of acute oxygen-want occur when the partial pressure of oxygen in the lungs 
falls to about 38 mm Hg. The combined partial pressure of water vapour 
and carbon dioxide in the alveoli of the lungs when these acute signs of oxygen- 
want occur is the difference between 85 and 38 = 47 mm Hg. This low partial 
pressure is brought about by deep breathing, fall of body temperature, and 
diminished production of carbon dioxide. 

The author is indebted to Dr. H. J. Taylor for assistance. 
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The Rhythm of the Heart Beat. I— Location, Action Potential, and 

Electrical Excitability of the Pacemaker 

By J- C. Eccj.es and H. E. Hoff 

The Physiological Laboratory Oxford 

(Communicated by Sir Charles Sherrington, F.R.S.—Received August 12, 1933— 

Revised April 21, 1934.) 

(Plats 16 ] 

Anatomical and physiological investigations on the heart during the last 
fifty years have contributed a sound body of knowledge concerning the location 
of its rhythmic centre (the pacemaker) and the spread thence of excitation. 
The classical controversy between the exponents of the neurogenic view 
and of the myogenic view of the origin of the heart beat, may now be regarded 
as settled in favour of the latter, for the evidence against even the nerve fibre 
modification of the neurogenic theory is overwhelming, and none of the 
evidence supporting it stands the test of modern criticism. There remains the 
more fundamental problem of the nature of those processes in the rhythm 
centre which are responsible for its recurrent discharge. There has been much 
speculation concerning them, but no systematic attempt at elucidation. 

Engelmann (1895, 1897) postulated a constant weak “ inner stimulus,” to 
which the centre is sensitive in varying degree; this sensitivity (considered to 
be identical with its sensitivity to electrical stimulation) gradually increases 
during diastole, until a threshold is reached and discharge occurs. Qaakell 
(1900, p. 190) expressed an essentially similar view (c/. Adrian, 1930), and this 
view has some support in the evidence of Ishikawa (1924), who found that the 
excitability of the frog’s sinus, but not of ventricle or auricle, increases through¬ 
out diastole until the next beat occurs. Langendorff (1902) suggested that 
the inner stimulus might be provided by the products of dissimilation (Lebens- 
produkt). 

In a series of papers largely theoretical, Hering (1901, 1912, a, 1912, b ) 
gradually built up a theory of rhythm which is the most elaborate yet attempted. 
His inner stimulus (Reizbildung) was not continuous, but intermittent with 
an independent rhythm of its own; the sensitivity of the centre to this stimulus 
(BeaktionsfShigkeit), normally identifiable with its electrical excitability, was 
supposed to follow a time-course initiated by the previous beat. Hering’s 
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theory in general lacks experimental foundation, and in particular the inde¬ 
pendence he assumes for the rhythm of his “ Reizbildung ” cannot be reconciled 
with the change of phase produced by premature beats. 

Andrus and Carter (1924) found that alterations in the perfusing fluid 
caused changes in the rate of the perfused heart, and on this inadequate 
evidence concluded that the rhythmic excitatory process is a disturbance of 
the ionic equilibrium between tbe cells and the surrounding fluid. Roth- 
berger (1926) made a similar suggestion, without bringing any further evidence. 
Finally, von Brilcke (1930) b&w no justification for postulating a continuous 
inner stimulus, and attributed tbe interval between one heart beat and the 
next partly to refractory period and partly to other inhibitory influences. 

In the present series of papers an attempt is made to investigate systemati¬ 
cally the behaviour of the pacemaker of the heart, under all those experimental 
conditions which seem likely to throw light on the nature of the physiological 
processes underlying its rhythmic production of impulses. In the first paper 
the pacemaker is located as accurately as possible, and electrical records 
taken from it. Its recovery of excitability after a normal beat is determined 
in the usual way by the direct application of induction shocks of varying 
strengths, and the effect on the recovery curve of vagal slowing and of acceler- 
antes quickening is investigated. The second and third papers deal with the 
effect of premature beats on the rhythm of the pacemaker, and we hope to 
publish later an analysis of the action of the vagus. 

Method of Experiment 

The following account will serve as a general description of the experi¬ 
mental procedures employed throughout the whole investigation. Special 
modifications will be mentioned in the appropriate sections. 

The animal (cat) having been anesthetized (ether only) was decerebrated 
by the trephine method and the anesthetic was then discontinued. A longi¬ 
tudinal skin incision extending from the second to the sixth rib was made 
two to three centimetres to the right of the sternum. The fourth rib was laid 
bare and about two centimetres of its sternal end removed after ligation of the 
intercostal artery. Light artificial respiration by a pump was begun and 
continued throughout the experiment at just that intensity which allowed the 
normal respiratory movements to continue. In most experiments the upper 
lobe of the right lung was ligated at its base and removed in order to give a 
sufficient exposure of the heart, but this practice was discontinued in tbe later 
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experiments. The pericardium was opened along a line from the apex of the 
ventrioles to the superior vena cava thus forming a flap which was sewn to the 
chest wall so as to prevent the lungs from moving over the exposed surface of 
the heart during respiration. In this procedure the heart rotates somewhat to 
the left giving a good exposure of the right auricle and the superior vena cava, 
but care has to be taken to prevent any kinking of the venae cavac. 

As electrodes we used small silver hooks soldered on to fine enamelled wires. 
As far as possible they have been passed through the superficial cpicardium 
only, but doubtless the deeper tissues have also at times been locally injured. 
When in position the hooks have been cloned so that they retained their position 
despite movements of the heart, and, after packing the aperture in the chest 
wall with dry cotton-wool in order to keep the wires apart, the edges of the 
wound have been clipped together. In this way the heart may be investigated 
with closed chest wall and under conditions as near normal as possible. In 
the usual arrangement three electrodes have been applied to the heart, one 
being both the cathode of the stimulating circuit and the earthed lead to 
the amplifier of the recording circuit. This common lead has been placed as 
close to the pacemaker as possible (see p. 311), while the respective positions 
of the anode of the stimulating circuit and of the grid load have usually 
been in the .region of the tail of the sino-auricular node and on the right 
auricle, the three leads forming approximately the apices of an equilateral 
triangle. 

Usually both vagi were cut in the neck during the preparation, but in some 
experiments on vagal tone they were cut during the course of the experiment; 
rarely they were left intact throughout. The nerves were freed for stimulation 
by careful dissection so els to preserve the blood supply intact as far as possible, 
and stimuli were applied through glass-shielded silver electrodes which were 
sewn in position during the initial preparation. 

The nervi accelerantes were approached through the axilla with the fore- 
limb extended above the head. A skin incision along the inferior border of 
the pectoralis major was followed by a dissection exposing the second rib, 
and as much as possible of this was excised subperiosteally. The stellate 
ganglion was then exposed by blunt dissection, and completely excised except 
when the nervi accelerantes were to be stimulated, when all the branches of 
the ganglion except the nervi accelerantes were cut and the latter nerves were 
freed until their junction with the vagus. The ganglion was left attached 
merely as a convenience when applying the electrodes, but it was functionally 
disconnected by pin ching the nervi accelerantes at their point of entry. A 
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-specially shaped shielded-glass electrode with silver electrodes was then applied 
to the nervi acoelerantes and sewn in position, -the skin being then clipped 
together around the wires leading to the electrodes. 

In the first experiments in which both nervi accelerantes were cut, the 
additional dissection appeared to afiect the condition of the animal so un¬ 
favourably that we adopted as a usual procedure the excision of the right nerve 
•only. It was later realised that in the decerebrate preparation there is a 
•considerable tonic acceleration through the left nerve alone, so the bilateral 
'Operation was again adopted and fortunately was not then found to react 
unfavourably on the condition of the animal. 

After suitable amplification the action potentials from the heart were led 
to a Matthews oscillograph and photographed by a falling plate camera. In 
•order to shortem the effect of the necessarily large stimulus artefact 0-002 jxF 
•coupling condensers have usually been used throughout the amplifier. The 
resulting great distortion of the action potential was of no consequence as we 
"were only concerned with the action potential as a standard of comparison. 
In fact the smaller condensers would serve to sharpen the differential features 
-of the records. In most experiments stimulus escape was also reduced by 
earthing the animal through a metal plate surrounded by cotton-wool soaked 
in Ringer and placed subcutaneously in the lumbar region. In some experi¬ 
ments the action potentials from an additional pair of leads were led to a string 
galvanometer and simultaneously photographed on the same plate. In all 
records time was registered simultaneously by photographing the movements 
•of a small needle attached to the free vibrating end of a 100 d.v. tuning fork. 

Premature beats have been set up by break induction shocks from one or 
two coreless coils, the circuits being broken by a Lucas pendulum which had 
an electromagnetic release worked by the camera. As a further precaution in 
minimising stimulus artefracts in the records a 40,000 ohm non-inductive 
resistance was placed in the secondary circuit. The stimulus artefact, how¬ 
ever, served a useful purpose, as its beginning signalled the exact moment of 
ibe stimulus. In the primary were a 12-volt accumulator battery and a 
'variable resistance which was used in adjusting the strength of the induction 
shock, the coupling between the primary and secondary coils being kept 
-constant. Repetitive stimuli from a neon tube osoiQator were applied to the 
vagus or accelerantes nerves at a rate usually about ten a second. 

The temperature of the animal was maintained by the heated table on which 
it lay. By suitable adjustment this temperature was almost always kept 
between 86 and 38° C. 
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A —The Location of the Pacemaker 

The term “ pacemaker” is here applied only to that port of the sino-auricular 
node in which the impulse originates (of. Lewis, 1925, p. 525; Meek and 
Eyster, 1914), not to the whole “ sinus ” as well as the “ presinus 99 (Rijlant, 
1932). Lewis, Oppenheimer and Oppenheimer (1910), Sulze (1913), and Lewis, 
Meakins and White (1914), place it in the head of the sino-auricular node very 
close to the cavo-auricular angle. Eyster and Meek (1914) come to a similar 
conclusion in most of their experiments, but in some place it is nearer the middle 
of the node, in agreement probably with Wybauw (1910). Those results were 
all obtained with electrical recording, but with one exception no attempt was 
made to discriminate between points less than 5 mm apart. A more precise 
localisation was claimed by Rijlant (1925, 1931), who in some of his experi¬ 
ments found the initial negativity developing in a circumscribed area about 
1 mm in diameter (the “ presinus ”) between the head of the sino-auricular 
node and the superior vena cava, while the main activity of the whole node 
(the “ sinus ”) followed about 5 a later. 

In the conditions of most experiments the pacemaker appears to remain 
fixed, but under the influence of strong vagal inhibition it has been Bhown to 
move to a position nearer the tail of the node (Meek and Eyster, 1914; Lewis, 
Meakins and White, 1914). 

For the purposes of the present investigation, the electrode common to the 
stimulating and the recording circuits must be applied as accurately as possible 
over the pacemaker itself, and the accuracy of its placing must be tested in 
every experiment. Two methods have been employed:— 

Method 1 —Determination of the point associated with the first detectable action 
potential 

This is the classical method. An extra pair of electrodes is fixed to the right 
auricular appendage, and connected with a string galvanometer. The action 
potentials recorded by this instrument are photographed simultaneously on 
the same plate as those recorded by the oscillograph and provide a fixed point 
of reference. The earthed lead of the oscillograph amplifier is then applied in 
various positions on and around the.sino-auricular node the grid being on the 
auricle near the sino-auricular node, and records ore taken, each position being 
noted on an outline drawing of the heart. That position which gives the longest 
interval between the first deflection of the oscillograph record and the galvano¬ 
meter record, is nearest to the pacemaker. Thus in fig. 1, Plate 15, observations 
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2 and 3 axe made with the earthed lead in position 4 of fig. 2, and the action 
potential recorded by the oscillograph begins about l‘fi<r earlier than in 
observations 1 and 4, corresponding to position 6 of fig. 2. Position 4 is 
therefore nearer the pacemaker than position 5, and in this experiment it was 
also found to be nearer than any of the other positions of fig. 2. Subsequent 
histological examination showed that it lay over the upper part of the head 
of the sino-aurioular node. In two • other experiments precisely the same 
location waa found; it corresponds to that of Lewis and his co-workers, and 
Sulze. 

In five experiments, however, the pacemaker was found to lie further down 
the aino-auricular node, e.g., position 2 of fig. 2. In three of these the string 



Fn>. 2—Drawing of the right auriole and ventricles to show positions of leads. 0 was the 
grid lead in all observations, and 4 and 0 were the ground leads used for the obser va ¬ 
tions of fig. 1, Plate 15. Position 4 was closest to the paoemaker. 


galvanometer was not used, but the main deflection of the oscillograph reoord 
was used instead as a point of reference. This appears to be allowable, in 
experiments each as these in which the grid lead was from a fixed print on the 
body of the auricle; for the main deflection is not altered appreciably by 
moving the earthed lead to various parts of the sino-auricular node, and in 
experiments where the string galvanometer waa need the main deflection always 
bore s constant time relation to the galvanometer deflection. These experi¬ 
ments indicate that the main deflection arises in the auricle and not in the 
riaoijKoiciilar node, 
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Method 2— The determination of the point at which a stimulus applied late in 
the cycle nets up a premature beat which is identical with a normal beat (cf 
Lewis, 1910) 

The identity can be established by two criteria : 

(а) The action potential of the premature beat must resemble that of a 
normal beat. Since the very small coupling condensers of the amplifier 
(0-002 fiF) cause the oscillograph deflections to approximate to the rate of 
change of electrical potential between the leads, this criterion is a particularly 
rigorous one. 

(б) The interval between the first deflection of the normal action potential 
and its main deflection must be the same as the interval from the stimulus to 
the corresponding main deflection of the premature beat. This condition is 
found to hold when a premature beat is set up by a stimulus applied through an 
electrode (cathode) which Method 1 shows to be close to the pacemaker. 

It has been seen above that the main deflection arises from the grid lead on 
the auricle, so the interval from the first sign of the action potential to the 
main deflection is the conduction time to the grid lead. The similar time from 
the stimulus artefact to the main deflection of a premature beat indicates that 
the stimulus sets up a premature beat after a negligibly short latent period; 
a conclusion in agreement with the results of von Frey (1915) and Bchellong 
(1926). When a stimulus falls very soon after the end of the absolutely 
refractory period, the main deflection of the premature beat may have a latent 
period even longer than 30 a, but close inspection with sufficient amplification 
always reveals small waves throughout this apparently long latency. It would 
seem that this long latency was due to slow conduction in the relatively re¬ 
fractory period (Drury and Regnier, 1928). 

Figs. 3 and 4, Plate 15, exemplify the use of these criteria. In fig. 3 the action 
potentials of the premature beats in observations 1 and 5 are indistinguishable 
from the normal action potentials ; in each the interval from stimulus artefact 
to main deflection is only very slightly shorter than the interval from the first 
tiny -wave of a normal action potential (indicated by an arrow in the more 
highly amplified observation 6) to its main deflection. It may therefore be 
concluded that the electrode common to recording and stimulating circuits 
has lain very dose to the pacemaker, since criteria a and b are satisfied. It 
was in position 2 of fig. 2. Fig. 4 is similar, but the disturbance of rhythm 
produced by the premature beats is also shown (see next paper). 
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In moat of the experiments to be described the common lead was first placed 
in positions 2 of fig. 2, and records made of normal beats, and of premature 
beats late in the cycle using a stimulus well above threshold. If these records 
satisfied the criteria of Method 2, the lead was left in that position throughout 
the experiment; if not, the procedure was repeated with alternative positions 
until a satisfactory one was found. The more laborious Method 1 was used 
only in the experiments on the excitability of the pacemaker, where the advan¬ 
tage given by its greater accuracy was highly important. The constancy of 
the shape of the action potentials obtained throughout a given experiment was 
taken as sufficient indication that the pacemaker had not materially shifted 
during the course of the observations. 


B —The Action Potential of the Pacemaker 

Some physiologioal process in the pacemaker must be conceived of as pre¬ 
ceding and conditioning the production of the impulse, and it is possible 
that this process might be associated with a slight and gradual change of 
electrical potential preceding the rapid potential changes produced by the 
propagation of the impulse. With this in view, records have been made with 
large coupling condensers of 4 pF in the amplifier; the deflection produced 
by a constant potential then fell to half its initial value in slightly less than 
one second. Fig. 5, Plate 15, is a record obtained in this way, with the leads 
to the amplifier in positions 4 and 6 of fig. 2. It shows two auricular action 
potentials with the ventricular action potential following the first. There » 
no slow change of electrical potential preceding the sudden upward deflection 
(shown by the arrow) which signals the propagation of the impulse. The 
small slow wave between the ventricular and the next auricular action potential 
is the ventricular T wave. Similar results have been obtained in four other 
experiments. 

These results are in agreement with Adrian’s (1931) observations on the 
frog’s sinus. However, still more refined technique may yet detect some 
changes [cf. Adrian and Gelfan’s (1933) results with rhythmic beats of skeletal 
muscle fibres], but artefacts due to the incessant movement of the tissues will 
-be difficult to exlcude. At present it is clear that any electrical changes 
^poaribly present in the latter part of diastole can only be of a very much smaller 
order than those associated with the appearance and propagation of the 
impulse. 
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C —The Electrical Excitability of the Pacemaker during its Rhythmic Cycle 

No previous attempt appears to have been made to measure the electrical 
excitability of the mammalian pacemaker itself. Observations on other parts 
of the heart have shown that a beat is followed in turn by an absolutely refrac¬ 
tory period and then a relatively refractory period, but opinion is divided as 
to whether in the last part of diastole the excitability continues to increase or 
attains a constant level. In frog’s auricles and ventricles, Trendelenburg 
(1911), Adrian (1921), Ishikawa (1924), Schellong and Schiitz (1928) and 
Buohthal (1931) found a longer or shorter period of constant excitability at the 
end of diastole, while Engebnann (1895) found none. Ishikawa (1924) found 
that the excitability of the frog’s sinus increased till the end of diastole. In 
mammalian auricle and ventricle, Cushny and Matthews (1897) found a rising 
excitability at the end of diastole, but Cushny later (1912) failed to confirm that 
result. Drury and Regnier (1928), using mammalian auricles driven by direct 
stimulation, found a fairly long period of constant conductivity in the latter 
part of diastole. 

We have used the technique already described in an attempt to measure the 
excitability of the pacemaker itself. In every experiment the electrode 
common to stimulating and recording circuits was placed over the pacemaker, 
using Method 1 (p. 311). Single break induction shocks of varying intensity 
were applied at random in all phases of the cardiac cycle, and with each strength 
of stimulation records were taken until the critical point at which recovery was 
just sufficient for the stimulus to excite was fairly accurately fixed. From 
these results the usual recovery curves were constructed. 

(o) The Normal Recovery Curve —Fig. 6 is a typical example of the curves 
obtained in 12 out of 17 experiments. The strength of the stimulus is plotted 
along the ordinate, and its time of application along the abscissa; the latter 
is measured by the interval between the beginning of the action potential of 
the previous beat and the stimulus artefact. For each strength of stimulus 
two points are plotted, the earliest time at which it evokes a premature response, 
and the latest time at which it fails to do so. These are joined by a short 
horizontal line, and the whole recovery curve is a smooth curve passing as 
nearly as possible through these lines. Its lower end is seen to run horizontally 
through the latter part of diastole at a strength of stimulus just on the threshold, 
t.e., it sometimes excited and sometimes failed to excite a response. Fig. 7 
is a wimilftr example. 

z 2 
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Flo. fl—Recovery onrvo of ” pacemaker.” Ordinates, strength of stimuli in arbitrary 
units, absciss* intervals in aigma after the beginning of the previous normal beat. 
The arrow shows the time of the next normal beat. Each horizontal line joins the 
longest interval at which that stimulus failed to excite to the shortest interval at 
which a premature beat was set up. 



FlO. 7—Recovery curve of “ pacemaker ” in the same experiment as figs. 1 and 2. The 
oathode of the stimulating circuit was in position 4 of fig. 2. 
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In the remaining 5 of the 17 experiments, of which fig. 8 is an example, the 
threshold increased during the latter part of the cycle, i.e ., the excitability 
reached its maximum relatively early in diastole and then decreased pro¬ 
gressively until the end of the cycle. A similar u supernormal ” phase of 
excitability was described by Adrian (1920) and Wastl (1922) in frogs 9 ven¬ 
tricles. It was not affected by tetanic stimulation of the accelerantes, and 
could not be attributed to faulty artificial ventilation, for it occurred when this 
was so adjusted that normal respiratory movements were present. 



A possible source of erroivin observations such as these performed on a moving 
tissue must be mentioned, namely, variations in tissue resistance and in 
shunting through inexcitable parts caused by the movements. Three rough 
determinations of the resistance of the tissues between the stimulating elec¬ 
trodes showed that its average value was 3500 ohms, with a variation of about 
500 ohms during the cycle. In the presence of a 40,000 ohm resistance in the 
secondary circuit, the effect of this variation on the strength of the stimulus 
would be negligible. Variations in the amount of shunting by such inexcitable 
structures os connective tissue or blood in the auricular cavity, cannot be 



318 


J. C. Eccles and H* E. HofE. 


measured, but the constancy of the threshold in the latter part of diastole in 
the 12 experiments is presumptive evidence that these variations are not a 
serious source of error. 

The 17 experiments therefore provide clear evidence that, in the later part 
of diastole, the electrical excitability of the structure stimulated remains 
constant, or passes through a supernormal phase and then slightly decreases : 
in any event it does not rise as the next spontaneous beat approaches. It 
remains to ask, what exactly is the structure stimulated ? The common 
electrode was placed with all care as near as possible to the pacemaker, and it 
may reasonably be assumed that in some experiments at least the pacemaker 
was directly stimulated. But the stimulating current would also have passed 
through adjacent fibres of the sino-auricular node, and, if at any time these fibres 
possessed a lower threshold to electrical stimulation than the pacemaker itself, 
then the observations made at that time concern these fibres and not the pace¬ 
maker. We have no means of detecting whether or when this happens, but 
the behaviour of such rhythmic centres is probably very similar to the actual 
pacemaker, which is generally believed to be that particular rhythmic centre 
possessing the most rapid intrinsic rhythm. Thus it may reasonably be 
assumed that any changes found in the excitability of these more highly 
excitable fibres will be similar to changes occurring in the adjacent pacemaker 
itself. We may therefore treat the curves as recovery curves of the pace¬ 
maker. 


(6) Influence of Tetanic Accelerantes Stimulation on the Recovery Curve —This 
was investigated in seven experiments. In all the acceleration of rhythm 
was accompanied by a shortening of both the absolutely and relatively refrac¬ 
tive periods; the total shortening, expressed as a fraction of the total refractory 
period, was less than the shortening of the cycle, expressed as a fraction of the 
whole cycle. In the example shown in fig. 9 the cycle was reduced by 16%, 
the refractory period by about 6%. In some experiments, though not in 
that of fig. 9, the threshold reached at the end of the relatively refractory 
period was lowered a little by the accelerantes stimulation. 

In a complementary experiment, the spontaneous accelerantes tone was 
abolished by division of the nerves. The cycle lengthened from 269 <j to 
348 a (34%) and the refractory period from 127 o to about 160 o (18%). 

The results are in line with those of Andros and Carter (1930), who found 
that adrenalin shortens the absolutely refractory period of cardiac muscle by 
as much as 40%. 
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( 0 ) Influence of Tetanic Vagus Stimulation on the Recovery Curve —This was 
investigated in 14 experiments, in all of which snbmaximal stimulation was 
need, insufficient in intensity to cause a shift of the pacemaker to some other 
part of the sino-auricular node—a change easily recognized by the abrupt 
alteration in the shape of the action potential (p. 311). The lengthening of 
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Fig. 9—Recovery curve of “ pacemaker,” but in addition recovery curve obtained during 
a tetanic stimulation of ocoelerantee, which shortened the cycle from 325 a to 270 o 
as shown by the two arrows. The circles represent the intervals obtained during the 
ocoelerantes stimulation. 

the cycle varied from 15% to over 50%. The effect on the recovery curve 
was variable. 

In six experiments, one of which appears as fig. 10, the curve remained 
substantially unaltered, and in two others there was a doubtful slight shortening 
of the refractory period. 

In the other six experiments the refractory period was shortened by amounts 
varying from 6%, fig. 11, to 50%. When the shortening was pronounced, 
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Fio. 10 —Recovery curve* of ** paoemaker ,f both normal and during a vagal slowing of 
the heart which lengthened the cycle from 350 a to 530 a. The circles represent the 
intervals obtained during the vagal slowing. The recovery oorve seems unaltered. 
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Fra. II—Recovery curves of “ ” M In fig. 10 but In another experiment, the 

ngU slowing leaj|thtilftg the cycle from 290 a to 460 o and being accompanied by a 
■light shortening of aafractory period. 



The Pacemaker . 


321 


the threshold reached and maintained during the period of full recovery was 
definitely lowered. 

Taking all the experiments together, we found no relationship between the 
degree of vagal slowing and the change in refractory period. Twice, indeed, 
it was clear that a Bmall change in rate during an experiment can be accom¬ 
panied by a large change in refractory period : thus, after vagus stimulation 
had lengthened the cycle from 360 a to 630 a (+75%) and shortened the 
refractory period from 190 <y to 114ex(— 40%), the length of the cycle spon¬ 
taneously diminished to 550 a (+ 53%) through vagal fatigue, and at the same 
time the refractory period increased to 182 a (— 4%), almost its original 
value. 

The variability in the effects obtained with vagus stimulation might be duo 
to small differences in the placing of the stimulating electrodes causing the 
si no-auricular node to be stimulated directly in some experiments and only the 
auricular muscle in othera This would disturb the results only if the vagus 
stimulation has a grossly different effect on the auricular musolo. We tested 
this effect deliberately in three experiments: in two of them the rate was 
slowed by 30% to 40% and the refractory period of the auricular muscle 
remained unchanged; in the third, the rate was slowed by 43% and the 
refractory period of the muscle shortened from 180 a to 75 o. In the latter, 
the refractory period of the pacemaker was shortened almost to the same 
extent, for the premature beats, with the possible exception of the one at 
75 a, disturbed the rhythm of the pacemaker (see p. 356). It seems, then, 
that the pacemaker and the auricular muscle are similarly affected by vagus 
stimulation, and that the variability of the present results is not due to 
inaccurate placing of the electrode. 

Lewis, Drury and Bulger (1921) and Andrus and Carter (1930) found that 
tetanic vagus stimulation invariably produced a great shortening of refractory 
period in the mammalian auricle. The constancy of their results may be due 
to the use of stronger vagus stimulation than we employed. On the other 
hand, Ishikawa (1924) found that vagus stimulation had no effect on the 
recovery curves of frog’s sinus, auricle, and ventricle. 

(d) The Recovery of Excitability after Premature Beats —This was examined 
in 14 experiments, by applying to the pacemaker two stimuli, separated by a 
varied short interval The first stimulus set up a premature beat, and the 
second tested the recovery of excitability after this beat. The refractory 
period following the premature beat was always shorter than normal, and its 
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shortening was greater when the curtailment of the previous cycle was greater. 
Fig. 12 shows approximately a normal recovery curve (of. fig. 6) and a recovery 
curve after a premature beat which curtails the previous cycle by one half. 
The curves are almost parallel; between them would lie the corresponding 
curves obtained after less curtailment of the previous cycle. Fig. 13 also 
shows recovery curves after a normal and an early premature beat; a super¬ 
normal phase is present, and moves earlier with the shortening of the refractory 
period. 

67 r j 

I I 

I I 

t I 



Fio, 12—Recovery curves of u psoemaker,” the one on the right side being the normal 
recovery curve (see fig. 6 for details of this), and the other the recovery ourve after 
a premature beat set up after a curtailed cycle equal to 0*0 of a normal cycle. This 
curve is approximately drawn through the perpendicular lines which for oaoh interval 
join the weakest stimulus which excited to the strongest stimulus which failed to 
excite. At an interval of 90 a this perpendicular line had no length, for at a strength 
of 15 a 4 the stimulus sometimes excited and sometimes failed to excite. 

The earlier recovery of excitability after a premature beat was discovered 
by Trendelenburg (1903) in frog’s ventricle, and observed by de Boer (1916), 
Ishikawa (1924), Umrath (1925), Lewis and Master (1926), Schellong and 
Schiits (1928) and Buchthal (1931), the last two investigations showing that 
the shortening of refractory period corresponded with the shortening of the 
action potential of the premature beat. 

Discussion 

Any plausible theory of the production of rhythmic impulses by the pace¬ 
maker, must postulate some sort of continuous process or change in the pace- 

( 
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maker during the interval between two impulses. From the observations 
that have been described two general statements, both of a negative character, 
may be made about the nature of that process. 

The first statement is that no demonstrable relationship exists between the 
course of that process, and the electrical excitability of the pacemaker . This rests 
on the following observations :— 

3. The electrical excitability in the last third (approximately) of the normal 
cycle either does not alter, or shows a slight decline subsequent to a super¬ 
normal phase (Section C, (a)). All this time the hypothetical process must 
be continuing. 



IfiG. 13 —As in fig. 12 in another experiment. 

2. When the time-course of the hypothetical process is shortened by excita¬ 
tion of the accelerantes, the refractory period to electrical excitation of the 
pacemaker is also shortened; but, when the time-course of the hypothetical 
process is lengthened by vagus excitation, no lengthening of the refractory 
period is found. On the contrary, it is often shortened, and that to a highly 
variable degree (Section C, (6), (<?)). 

3. In the cycle initiated by a premature beat, i.e., the premature beat cycle, 
the time-course of the hypothetical process is lengthened (see p. 335), but the 
refractory period is shortened (Section C, (d)). 

The absence of relationship between the rhythmic process and extrinsic 
electrical excitability was inferred by Hering (1907) from the fact that some 
drugs which stop the heart-beat increase the excitability. Cuahny drew the 



324 


J. 0. Ecolea and H. E. Hoff. 


same conclusion from evidence resembling that of observation 1 above. The 
present observations f however, with the application of stimuli as near as 
possible to the seat of the rhythmic process (the pacemaker) itself, place the 
generalisation on a more secure basis. The only previous attempt to investi¬ 
gate directly the excitability of a rhythmic centre was iBhikawa’s (1924) work 
on the frog’s sinus, where he found that excitability increased through diastole 
right up to the appearance of the next beat; in this respect the frog’s sinus 
and the cat's sino-auricular node would soem to differ. 

The second statement is that, in the interval between two impulses, the hypo¬ 
thetical process in the pacemaker does not betray itself by giving rise to any deteot- 
able electrical potential (Section B). 

According to the membrane theory an impulse in nerve or muscle is propa¬ 
gated as a change of polarization and permeability in certain membranes, and 
an impulse is set up by an extrinsic stimulus, e.g., an induction shock, when 
that stimulus produces a sufficiently great diminution in the polarization of the 
membrane in question (the conducting membrane). An attractive explanation 
of the intrinsic setting up of an impulse, e.g., the origin of a normal beat in the 
pacemaker, would be that the polarisation of the conducting membrane suffered 
a progressive diminution until it passed the critical point and an impulse was 
then set up. But then one would expect the setting up of this impulse to be 
preceded by:— 

(а) a slowly developing electrical potential, the pacemaker becoming increas¬ 
ingly negative, and 

(б) a gradual change in electrical excitability, the pacemaker becoming more 
and more easily excited ; and these changes should continue right up to the 
moment at which the beat was set up. 

Since neither of these effects are observed experimentally , the seating up of the 
impulse cannot be preceded by a gradual diminution in the polarization of the 
conducting membrane. The changes in this membrane signalled by the beginning 
of the action potential of the beat must be impressed on it by some other mechanism 
in which the gradual preliminary changes must have been occurring . It is this 
mechanism which is the seat of the rhythmic activity of the pacemaker. In the 
following papers this rhythmic mechanism will be subjected to a more direct 
investigation. 

Summary 

This paper is the first of a series in which an attempt has been made to 
investigate the mechanism responsible for the rhythmic production of beats 
by the pacemaker of the heart. 
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The position of the pacemaker has been determined by the usual methods. 
In some experiments it has been found to be situated in the head of the sino- 
auricular node (agreeing with Lewis and Sulae), but in other experiments it 
has been located more towards the middle of the node. 

No potential changes have been detected in the pacemaker preceding those 
produced by the impulse, hence it is concluded that the processes responsible 
for setting up the beat are not associated with potentials of the same order of 
magnitude as those produced by the propagation of the impulse. 

The recovery of excitability at various stages after a normal beat has been 
tested by applying at random stimuli of varying strengths. The recovery 
curves constructed from such experiments show the following features. 

1. The absolutely refractory period usually lasts for about half the oardiao 
cycle and the relatively refractory period is very short, so that maximum 
excitability is always reached before two-thirds of the cycle have elapsed. 

2. During the last third of the cycle the excitability usually remains constant, 
but it may decline so that a supernormal phase is present. 

3. Stimulation of the nervi acceler&ntes slightly quickens all phases of the 
recovery curve. 

4. Stimulation of the vagus may also quicken the recovery, but quite marked 
vagal slowing may be accompanied by no change in the recovery curve. 

5. The recovery of excitability is always quickened after a premature beat, 
though the cycle after that beat is longer than normal. 

On account of this complete lack of correlation between the recovery of 
excitability of the pacemaker and its spontaneous setting up of beats, it is 
concluded that the stimuli do not act directly on that part of the pacemaker 
responsible for this rhythmic production of beats, i.e., on the rhythmic 
mechanism of the pacemaker. Since the setting up of a beat is not pre¬ 
ceded by any detectable action potential, it is concluded that the rhythmic 
mechanism is not situated in the surface membranes of the muscle fibres 
composing the pacemaker. 
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EXPLANATION OF PLATE 

Fio. I—A series of records of action potentials from the beating heart. The white lines 
are reoords from the Matthews oscillograph, and the black lines (indicated by upper 
arrow, observation 3) show simultaneous string galvanometer records with both 
leads in a constant position on the body of the auricle. The grid lead to the Matthews 
oscillograph was in position 6 of fig. 2, while the earthed lead was in position 6 for 
observations 1 and 4 and position 4 for observations 2 and 8. The first arrow below 
the fourth observation indicates the small initial aotion potential arising from the 
sino-aurioular node, the eeoond arrow indicating the large auricular aotion potential, 
and the third arrow the ventricular aotion potential. The coupling oondensers have 
a capacity of 0-02pF. This and all subsequent reoords read left to right, and an 
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upward deflection indicates negativity of the earthed lead, x.e. t the lead from the 
paoemaker. Tuning fork, 1 d.v. = 10®. 

Fio. 3—A scries of action potentials of normal and premature boats recorded by the 
Matthews oscillograph. In observations 1 and 5 premature beats wore set up by an 
induction shook, the cathode of the stimulating circuit being also tho earthed lead 
of the recording system. The main auricular deflection of the action potential occurs 
after the record of the stimulus artefact (indicated by the arrow above observation 1). 
In observation 2 there is a record of the stimulus artefact which was too soon after 
the previous beat to set up a premature beat. Tho irregular series of deflections 
following this artefact is tho ventrioular action potential corresponding to the previous 
normal beat. Observation 6 is a more highly amplified record of a normal beat. 
Coupling condensers «= 0 a 002(iF. 

Fio. 4—A series of observations similar to fig. 3 but taken with a slower plate in order to 
show the disturbance of rhythm produced by premature beats (indicated by arrow). 

Flo. 6—Normal action potentials with leads in positions 4 and 0 of fig. 2. Coupling con¬ 
densers =» 4(iF. The first arrow indicates the abrupt onset of the aotion potential 
and the seoond arrow indicates the ventrioular T wave. 
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The Rhythm of the Heart Beat. II —Disturbance of rhythm produced 

by Late Premature Beats 

By J. C. Eocles and H. E. Hoff 

(The Physiological Laboratory Oxford) 

(Communicated by Sir Charles Sherrington, F.R.S.—Received August 21, 1933 

—Revised April 21, 1934) 

The disturbance of cardiac rhythm by a premature beat was first studied by 
Marey (1875), who found that tho lengthening of the cycle following the 
premature beat usually just compensated for the shortening of the cycle 
preoeding it, the two cyoles together being equal to two normal cycles. The 
phase of the rhythm therefore suffered only a transient disturbance by the 
premature beat. Engelmanu (1895) obtained similar results when premature 
beats were set up by stimulation of the frog's ventricles, but later (1897) he 
stated that there was no lengthening of the cycle following the premature beat 
set up by stimulation of the vena cava. On the basis of these observations he 
put forward the suggestion that the ventricle beats in response to discrete 
impulses discharged rhythmically from the sinus. A premature beat set up by 
stimulation of the ventricle would be prevented from reaching tho sinus by the 
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next normal impulse from there, and bo the essential rhythm of the heart (the 
■inns rhythm) would remain undisturbed, there would be a completely 
compensatory pause following the ventricular premature beat. Cushny and 
Matthews (1897) working for the first time with premature beats of mammalian 
hearts found that an auricular premature beat was only followed by a com¬ 
pensatory pause when set up relatively late in a cardiac cycle. The pause 
following earlier premature beats was too short to be compensatory. Haring 
(1900) confirmed both Engelmann and Marey by finding complete compensation 
after ventricular premature beats, but this was rare with auricular premature 
beats and he stated that premature beats set up by stimulation of the vena 
cava were followed by a pause equal to a normal cyole (cf. Engelmann), though 
his figures show a slight lengthening. 

Wenckebach (1903, 1904) elaborated the suggestion of Engelmann (1897) 
in order to explain the condition of partial compensation which iB especially 
frequent with auricular premature beats set up early in diastole. Such pre¬ 
mature beats would be conducted to the pacemaker and would excite it before 
the next normal beat was due to be set up. This conducted premature beat 
of the pacemaker would be similar in effect to a beat directly set up, t.e., it 
would be followed by a cycle of normal length, the phase of the rhythm would 
be altered, and the pause following the auricular premature beat would not be 
completely compensatory. However, this explanation would not account for 
the finding of Cushny and Matthews that such incompletely compensatory 
pauses are the longer the earlier the premature beat. Wenckebach therefore 
made the additional assumption that the conduction rate in the auricle was 
slowest early in diastole and gradually became more rapid. This has since 
been experimentally proved by Lewis and Master (1925) and by Drury and 
Regnier (1928). 

Despite certain oritioums notably by Hofmann and Holsinger (1912), but 
also by Cushny (1912), Sansun (1912), Lewis and White (1914), Miki and Roth- 
berger (1922), and Lewis (1925), Wenckebach’s explanation still is in satis¬ 
factory agreement with almost all the reliable experimental observations that 
have been obtained {of Rothberger, 1920; Lewis, 1925). Neither Hofmann 
and Hohnnger’s nor Cushny’s results were obtained with normally beating 
intact hearts. The one experiment of Miki and Rothberger which seemed 
to offer the most difficulty to Wenckebach's explanation was undoubtedly 
complicated by stimulation of the vagal inhibitory fibres (see p. 334). Sansun 
as well as Lewis and White attempted to stimulate the pacemaker and found 
(hat the cycle following a premature beat was longer than normal, but Lewis 
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and White thought that this deviation from Wenckebach’s explanation could 
be due to inaccurate placing of the electrodes on the pacemaker, and little 
weight need be attached to Sansun’s deviations which were barely significant 
with his method of recording. Moreover, Lewis, Meakins, and White (1914) 
actually produced an experimental confirmation of Wenckebach’s explanation 
by directly measuring conduction times. 

Hofmann and Holzinger (1912) give the clearest exposition of an alternative 
hypothesis. They believe that a premature beat of the pacemaker is followed 
by a pause longer than normal, and that the earlier the premature beat the 
longer is this pause, for the condition of 11 exhaustion ” following such a 
premature beat is the greater the earlier it is. Miki and Rothberger (1922) 
give an unconvincing discussion of their own results and come to the conclusion 
that Wenckebach’s explanation holds for premature beats conducted to the 
pacemaker, but with premature beats directly set up they state that there is 
also an 14 inhibition,” which they fail to distinguish from the inhibition produced 
by stimulation of vagal inhibitory fibres (p. 334). Rothberger later (1926) 
adopts Wenckebach’s explanation entirely, but Lewis (1925) thinks that Miki 
and Rothbcrgcr’s experiments offer a difficulty to the complete acceptance of 
Wenckebach’s explanation. 

An attempt has here been made to clear up the present unsatisfactory 
state of the subject by systematic Btudy of the effects produced by direct 
stimulation of the pacemaker in a heart beating spontaneously under con¬ 
ditions as near normal as possible. The method adopted was that described 
in the previous paper, p. 308. 


I—Experimental Investigation 
A —The Rhythm of the Heart Beat 

Mines (1913) called attention to the great regularity of the rhythm of the frog's 
heart beat, and by means of an ingenious apparatus was able to detect very 
small changes in the rhythm. He found that the variations in the lengths of 
the successive cycles did not exceed 1%. We have found that the denervated 
cat’s heart is still more regular. Usually successive cycles do not vary by more 
than 0 1 5% and frequently the variation is leas than 0-2%, which is about the 
limit of measurement in our records. As a consequence the investigation of 
heart rhythm may be conducted with a relatively high degree of accuracy. 

VOL. GXV.—B. 2 A 
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B— Disturbance of Rhythm produced by a Single Premature Beat 

1— Introduction —Fig. 4, Plate 15, of the previous paper and fig, 1 show obser¬ 
vations in which single premature beats have been set up at various phases of 
the normal rhythmic cycle of the heart by a stimulus applied as near as possible 
to the pacemaker. It will be seen that the premature beat has produced a 
disturbance in the rhythm of the pacemaker, the length of the cycle after the 
premature beat being obviously longer than a normal cycle. Accurate measure¬ 
ments (Tables 1 and 11) also show that even the next cyclo may be slightly 
lengthened, but thereafter the normal rhythm is resumed and continued 
indefinitely. In discussing this disturbance of rhythm a definite terminology 
is needed, and the one here adopted is shown in fig. 1 for “ single premature ” 
beats, and in fig. 2 for a “ second premature ” beat curtailing the first premature 
beat cycle (see the second part of this paper). 

In the next paper it will be seen that as a premature beat is introduced 
progressively earlier in a normal cycle, i.e., as the curtailed normal cycle is 
progressively shortened, there is with a very short curtailed cycle an abrupt 
transition to an absolutely different disturbance of rhythm. Premature beats 
are classified as early-premature-beats and late-premature-beats according as 
they are earlier or later than this transition point. This paper is concerned 
exclusively with late-premature-bcata, and they will for shortness be called 
simply premature beats. 

2— General Description of Relationship between Durations of Curtailed Cycles 
and Late Premature Beat Cycles —In Table I are given the measurements of a 
series of observations each value being expressed as a fraction of the preceding 
normal cycle. As the curtailed cycle shortens the premature beat cycle 
progressively lengthens, and there is also a slight lengthening of the subsequent 
cycle. Although the normal rhythm is resumed after the subsequent cycle, 
its phase is altered, for the lengthening of the premature beat cyclo and of the 
subsequent cycle (where this occurs) does not completely “ compensate ” for 
the shortening of the curtailed cycle. 

In many experiments there is no appreciable lengthening of the subsequent 
cycle, and in no experiment does it amount to more than one-fifth of the 
lengthening of the premature beat cycle (<f. Table II). Its consideration will 
therefore be deferred (p. 340) until the lengthening of the premature beat 
cycle has been fully dealt with. 



normal Premature beat 

Normal cycle cycle cycle Subsequent cycle Normal cycle 
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Stimulus Stimulus 

artefact artefact 

Fig. 2—is in fig. 1, but with a second premature beat curtailing the first premature beat cycle. 
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Table I—Single Premature Beats 


Curtailed 

Premature beat 

Subseque 

cycle 

oycle 

oycle 

0-030 

1-030 

100 

0-925 

1-05 

1-00 

0-81 

1-080 

100 

0-790 

1*105 

1-006 

0-746 

1105 

1-00 

0-71 

1 • 12 

101 

0-07 

1126 

1-01 

0-07 

1-120 

1-01 

0-00 

1-120 

1-01 

0-015 

113 

1-005 

0-01 

1 13 

1*006 

0 605 

114 

1-01 

0-68 

1 • 145 

1*01 

0-50 

1-140 

1005 

0 540 

1-150 

1-01 

0-020 

110 

1-020 

0-40 

1100 

1-005 


Graphical representation has been adopted in order to study in detail the 
relationship between the durations of the curtailed cycles and of the corre¬ 
sponding premature beat cycles. In fig. 3 the results of Table I have been 
plotted, the durations of the curtailed cycles being ordinates and time abscissas. 



Fio. 3—Plotting of result* to show relationship between durations of ourtailed and pre¬ 
mature beat cycles. Curtailed cycles plotted os ordinates from B to A and premature 
beat cycles as absciss* from A to D. All values are expressed as fractions of the 
normal cycle. Further details in text. 


The premature beats have been synchronized so as to fail on the line AB 
perpendicular to the X axis. The preceding normal beats will therefore lie 
on the line OB where OA = AB = one normal cyole, and the subsequent beats 
are seen to lie along the line DE. The temporal course of events in each 
observation is given by a line drawn parallel to the X axis. Thus with the line 
PQR, P is a normal beat, Q the premature beat, and R the subsequent beat, 
PQ being the curtailed cycle and QR the corresponding premature beat cycle. 
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In Table I and fig. 3 it will be seen that progressively longer curtailed cycles 
are followed by shorter and shorter premature beat cycles, until with a cur¬ 
tailed cycle just shorter than a normal cycle the premature beat cycle is just 
longer than a normal cycle. In the limiting case, therefore, the rhythm is not 
disturbed by a beat set up simultaneously with a normal beat, i.e., OA == AD = 
one normal cycle. Similar relations between curtailed and premature beat 
cycles have been obtained in all of the 35 experiments in which single premature 



FlO. 4—Plotting as in fig. 3. The line DF shown the curve for the least lengthening of the 
premature beat cycle, and DK the curve with the greatest lengthening. 



FlO. 0—Plotting aa in fig. 3. The curve DEFG shows the curve for the premature boat 
cycles aa predicted according to Wenckebach’s hypothesis. Sec text. 

beats have been set up. In fig. 4 the line DE shows the curve for the experi¬ 
ment with tlio greatest lengthening of the premature beat cycle (1*25 times 
normal), and DF for that with the least (1*05 times normal). In all experi¬ 
ments the curve has been smooth with a convexity to the right. 

3— Wenckebach's Explanation —Can this lengthening l>e reconciled with 
‘Wenckebach’s explanation by assuming an inaccurate placing of the stimulating 
electrodes on the pacemaker as suggested by Lewis and White in discussing 
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the significance of their own somewhat similar results ? According to Wencke¬ 
bach's explanation the curve from D (fig. 6) should be parallel to OB for a 
distance DE equal to the conduction time to the pacemaker, and should then 
follow a course dependent on the changes in the conduction time in the various 
stages of recovery existing for each length of curtailed cycle. Drury and 
Regnier (1928) found that the conduction rate of the mammalian auricle 
recovered to normal in about O'17 seconds after a previous beat, and so 
lengthening of conduction time could only exist for observations with very 
short curtailed cycles. This has been confirmed in the present series of experi¬ 
ments for the conduction rate has been observed to be constant during the last 
0-26 of the cycle. The curve would, therefore, have a section EE* perpendicular 
to the X axis until the curtailed cycles became so short that the conduction 
time lengthened giving rise to the section FG. Shift of pacemaker after the 
premature beat (Lewis, 1925, p. 225) would produce further modifications in 
the curve, but it only occurred in a few observations. The dissimilarity between 
fig. 5 and the curves obtained in all our experiments is so obvious that no 
detailed consideration is necessary. In none was there the sharp angle DEF 
or the concavity EFG to the right. In several experiments there was a portion 
DE parallel to OB—in five for more than 0*05 of the normal cycle (cf. Table 
II), but in none did it terminate in an angle DEF, and in no experiment was 
there the concavity EFG to the right. Wenckebach’s explanation, therefore, 
will not do. 

The above parallelism of the experimental curve to OB for longer than 0-05 
of a cycle from its origin may be due to the premature beat being set up by a 
stimulus applied some distance from the pacemaker, but this explanation 
seems inadequate as the distance would have to be as long as 1 cm to account 
for such results. Usually the phase of the rhythm changes after a premature 
beat set up with a curtailed cycle as long as 0-98. This shows that the pre¬ 
mature beat is set up close to the pacemaker, but the location of the pacemaker 
by this method (cf Hirschfeldcr and Eystcr, 1907) is not very precise, because 
in any case the initial part of the curve, e.g DE in figs. 3 and 4, deviates very 
slightly from parallelism with OB. 

4 —Stimulation of Terminal Fibres of Vagus —Is the lengthening of the 
premature heat cycle due to inhibition resulting from direct stimulation of the 
vagal nerve fibres by the stimulus setting up the premature beat ? The 
effects of stimulation of these nerve fibres have been described by Gaskell 
(1883), Engelmann (1895), and Miki and Rothberger (1922). 
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In five of our experiments it was noticed that stimuli falling in the absolutely 
refractory period, i.e., stimuli which failed to set up a premature beat, caused 
a lengthening of several normal cycles, which was most marked in the first 
cycle. When a stimulus fell later in a cycle and set up a premature beat, 
there was a similar lengthening of the cycles following the premature beat 
cycle. Now the time course of this lengthening corresponds closely with that 
produced by stimulating the cervical vagus with a single induction shock 
(Brown and Eccles, 1934), the latent period of the effect being, however, about 
20 o longer in the latter case. A particularly favourable example for this 
comparison was one in which a considerable slowing of the heart was produced 
by a stimulus which was too weak to give rise to a premature beat. It may 
therefore be concluded that the slowing observed in these five experiments is 
due to direct stimulation of vagal nerve fibres in the heart muscle. Yagal 
nerve fibres could not have been excited in those experiments where the rhythm 
was unaffected by stimuli falling in the absolutely refractory period, i.e., in 
all of our experiments except the above five; hence the lengthening of the 
premature beat cycle in such experiments could not be due to vagal inhibition. 

b-^Condusions —It seems, therefore, that the lengthening of the premature 
beat cycle is directly due to the premature beat. The pacemaker is excited before 
a beat would normally arise there, and as a consequence an abnormally long 
interval, the premature beat cycle, elapses before it can again give rise to a beat, 
i.e., a temporary depression of rhyihmidty follows a pronature beat . The length 
of this premature beat cycle shows that this depression is greater the earlier 
the premature beat, i.e., the shorter the curtailed cycle. 

As judged by the relative lengthening of the premature beat cycle the amount 
of this depression varies greatly in different experiments, and often it gradually 
declines throughout an experiment, e.g., fig. G. In most of such experiments 
there has been a parallel slowing in the frequency of the beat, which frequently 
appears to be a consequence of excision of the accelerantes (both or right only). 
Or it may be that tho diminution in lengthening of the premature beat cycle 
is an indication of a gradual deterioration of the preparation resulting from 
the initial operative procedures. It does not seem to be related to changes in 
the ventilation of the preparation, for this has varied both above and below the 
normal requirements, while any progressive change in the premature beat 
cycle has always been in the direction of shortening. In some experiments, 
however, both the premature beat cycle and the frequency of the heart have 
not appreciably changed over a period of many hours, fig. 7, and in some the 
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frequency has remained constant while there has been a great shortening of 
the premature beat cycle, fig. 8. 

6 —Effect of Accelerantes on Lengthening of the Premature Beat Cycle —In six 
experiments single premature beats have been elicited during the acceleration 
of the heart resulting from tetanic stimulation of the right nervi accelerantes. 
In fig. 9 the results have been plotted as in fig. 3 and show that the relative 
lengthening of the premature beat cycle is greater than for the corresponding 



Fig. 6 


0-6 




/V /<? 
Fig. 7 



Fig. 0—Curves of premature beat cycles (abscissa) plotted against curtailed cycles 
(ordinates), as in fig. 3, except that abscissa are plotted only from D onwards. The 
curve showing the greater lengthening of premature beat oyolos was obtained at the 
beginning of the experiment (length of cycle about 315 a), the other curve being 
obtained much later (length of cycle then about 305 a). Fig. 7—As in fig. 6 but with 
the individual points plotted to show that in this particular experiment there was no 
Appreciable change in the curve over many hours. Fig. 8—As in fig. fl in another 
experiment. 


normal rhythm, indicated by the broken line taken from fig. 7 (Bamc experi¬ 
ment). Similar results have been obtained in each of the other five experi¬ 
ments, but in the latter part of one experiment stimulation of the accelerantes 
failed to alter the relative length of the premature beat cycle, although it 
still produced a 15% increase in frequency. In the other five experiments the 
relative lengthening of the premature beat cycle was remarkably constant 
even though there was a progressive diminution of this lengthening in the 
absence of accelerantes stimulation. Thus in fig. 10 the observations obtained 
during accelerantes stimulation showed no gradual change, though without 
accelerantes there were during the same period the changes shown in fig. 6. 
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In all these experiments the observations have been made in groups of 10 
to 20, each group being taken during a continuous tetanic stimulation of the 
nervi accelerantos lasting for one to two minutes. A group of normal observa¬ 
tions has been made during the period of rest interpolated between each such 
tetanic stimulation. In three experiments the onset of the acceleration has 
been so gradual that one or more premature beats have been set up before 
the full frequency has been attained. In all such experiments the increase in 
the relative lengthening of the premature beat cycle has lagged behind the 
acceleration of the rhythm. Thus in fig. 11 the points show the premature 
beat cycles for those observations which, though soon after the beginning of 



Fio. 9 Fig. 10 

Fig. 0—Plotting as in fig. 6. The broken lino shows the curve for the normal rhythm, 
cycles 420 o (see fig. 7 for the points), and the points show observations obtained during 
shortening of tho cycle to 260 a by tetanic stimulation of the nervi accelerantos. 
Fla. 10—As in fig. 9 but in same experiment os fig. 0 , tho points being obtained during 
the whole range of the variation of the curve for normal rhythm, the accelerated 
cycles gradually increasing in duration from 275 o to 300 o. 

the accclerantes tetanus, occurred when more than 90% of the maximum 
change in frequency liad taken place. The corresponding curves for later 
observations in each group (cf. fig. 10), and for observations with normal 
frequency (cf. fig. 6) are shown by the broken lines. Conversely if the frequency 
declines during the latter part of an accclerantes stimulation, there is no parallel 
decrease in the relative lengthening of the premature beat cycle. For example, 
a decline of acceleration to half its maximum has not caused any appreciable 
decrease in the relative lengthening of the premature beat cycle. 

This lack of parallelism between changes in frequency and in relative 
lengthening of tho premature beat cycle is further borne out by the only 
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experiment in which the change of frequency produced by removal of aoceler- 
antes tone has been investigated from this point of view. Fig. 12 shows the 
curve for premature beat cycles before and after excision of both nervi acoeler- 
antes. The normal cycle lengthened from 259 <j to 348 o, but there was 
practically no change in the relative length of the premature beat cycle. At 
most there seemed to be a alight decrease in the initial slope of the curve. 



Fig. 11 Fxo. 12 

Fia. 11—Same experiment as fig. 10, the points representing the early observations of the 
group ohtained during oach continuous accelerant©* tetanus. The broken lines show 
tho curves for the normal rhythm, flg. 6, and for the later observations of each group, 
fig. 10. Fio. 12—Plotting as in fig. 6. The dots show observations with both nervi 
accelerantes intact, the circles after their excision with consequent removal of 
aocolciantes tone. 

7 —Effect of Vagus on Lengthening of the Pretnalure Beat Cycle —In eleven 
experiments single premature beats have been elicited during the slowing of 
the heart produced by tetanic stimulation of the right vagus. The strength 
of the submaximal stimulus employed was adjusted so that there was a 10 to 
50% lengthening of the cardiac cycle. Only those series of observations have 
been considered in which the action potentials showed that there was no 
appreciable shift of pacemaker (p. 318). 

In fig. 13 where the results have been plotted as in fig. 3 it will be seen that 
the relative lengthening of the premature beat cycle is greater than for the 
corresponding normal rhythm (indicated by the broken line). The slowing of 
the rhythm together with the usual shortening of the refractory period accounts 
for some values of curtailed cycles during vagal stimulation being relatively 
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shorter than normal; hence a greater range of the curve can be experimentally 
determined. 

In all the other ten experiments with vaga 1 slowing there was also a greater 
relative lengthening of the premature beat cycle. In some experiments, e.j., 
fig. 14, this increase in relative lengthening takes place for all lengths of cur¬ 
tailed cycles, i.e. t the curves for normal and vagal slowing deviate from the 
common point of their origin. In other experiments vagal slowing only causes 
the curves to deviate with curtailed cycles as short as 0-9 or even shorter, 
fig. 13. Tliis is especially so where there is with normal rhythms an initially 



Fio. 13 Fia. 14 Fig. If> 


Fjo. 13—As in fig. 9 but tho points were obtained during lengthening of the cycle by 
tetanic stimulation of the vagus from 360 a to 630 o. Fig. 14 —An in fig. 13, but in 
another experiment, the cycle being lengthened fmm 390 a to 500 a. Fia. 16—Same 
experiment as fig. 13, but in llg. 15 the points are from observation h in tho later part 
of each group obtained during a continuous vagal tetanus, and in fig. 13 from tho 
earlier part. During the later part of tho vagal tetanus the cycle had shortened 
from 630 o (soo fig. 13) to about 400 o. 

relatively rapid lengthening of the premature beat cycle as the curtailed cycle 
is shortened. 

In most experiments about 10 observations have been made during a con¬ 
tinuous vagal tetanus in exactly the same way as was done with accclcrantes. 
However, the diminution of vagal effect during stimulation is much more rapid 
than with accelerantes, and so this method has not proved so satisfactory. In 
some of these experiments the relative lengthening of the premature beat 
cycle has diminished much more rapidly than the vagal slowing of the rhythm, 
in fig. 16 the points are taken from the latter part of each group of observa- 
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tionfl and show only about half the increase of relative lengthening obtaining 
for the early observations of each group, fig. 13, though the average lengthening 
of the cycle has only decreased from 60 to 40%. In other experiments the 
changes in the premature beat cycle have been approximately parallel to the 
changes in the rhythm. 

In five experiments an attempt has been mode to determine the effect of 
abolition of vagal tone produced by cutting both vagi. Unfortunately in 
three the vagal tone was so slight that the increase of frequency was less than 
10%. In the two others it was 12% and 16% respectively. In none was there 
any appreciable change in the relative lengthening of the premature beat 
cycle. In one of these experiments, that with 12% change, stimulation of the 
cut right vagus nerve was employed to slow the heart to the rhythm obtaining 
with tonic action of the vagus. There was then the usnal increase in the 
relative lengthening of the premature beat cycle. Thus it seems that with 
vagus as well as with accelcrantes the effect on rhythm can be dissociated 
from the effect on the relative lengthening of the premature beat cycle. 


Table 11—Single Premature Beats 


Curtailed 

Premature 

Subsequent 

Cycle after 

eyelc 

beat cycle 

cycle 

Hubocquent cynic 

004 

108 

1 *00 

— 

004 
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0*90 

— 

0*00 

1 *075 

100 

- - 

0-885 

1085 

0-99 

— 

0*87 
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1*005 

1*00 

0-85 

110 

1 *00 

0*995 

0*85 

1 * 10 

1 00 

— 

0*845 

110 

1*00 

— 

0*81 

1 * 12 

1*00 


0*81 

1*125 

1*005 

1 00 

0*775 

1*135 

100 

—. 

0-75 

1*15 

1 005 

— 

0*715 

1*17 

1015 


0*71 

1*155 

1*015 

— 

0*05 

1*155 

1015 

- - 

0*85 

1 • JO 

1*02 

1*00 

0*02 

1*175 

1*015 

— 

0*61 

1*155 

103 

1*00 

0*80 

118 

1 025 

1*00 

0-58 

1185 

1025 

0*99 

0*515 

1-205 

I 04 

101 

0*465 

1*23 

1*03 

0*995 


8 —Lengthening of the whs&juent Cycle (cf. Lewis and White, 1914 ; Sansun, 
1912)—Table II shows a series of observations from an experiment in which 
the lengthening of the subsequent cycle was particularly well developed. It 
will be seen that there is no appreciable lengthening until the curtailed cycle is 
shorter than 0*75, and that the amount of the lengthening increases as the 
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ourtailed cycle is shortened further. Unfortunately the cycle after the 
subsequent cycle could only be measured in some observations (in the others 
it was off the plate), but it showed no tendency to differ from the normal cycle. 
This lengthening of the subsequent cycle cannot be due to stimulation of 
vagal nerve fibres (p. 334), for it did not occur when the curtailed cycle was 
long or when the stimulus failed to set up a premature beat owing to its falling 
in the absolutely refractory period. Moreover, it is probably not due to a 
temporary displacement of the pacemaker to another rhythm centre, l>ecause 
the action potentials of the beats before and after the lengthened subsequent 
cycle are indistinguishable from those of normal beats. A possible explanation 
of the lengthening of the subsequent cycle will be suggested iu the next paper 
(p. 364). 


C —Effect of Two Premature Beat# on Rhythm 

The experiments with a single premature beat clearly show that the dis¬ 
turbance in rhythm produced thereby is due to an interference with the 
rhythmic mechanism of the pacemaker. The lengthening of the premature 
beat cycle is an expression of the effect produced in this mechanism by the 
action of the premature beat. One method of analysing this effect is provided 
by an investigation into the disturbance of rhythm produced by a second pre¬ 
mature beat which curtails this lengthened premature beat cycle. A similar 
method was used when investigating the disturbance of the rhythmic discharge 
of motoneurones produced by 11 backfiring ” impulses into them (Eccles and 
Hoff, 1932) and it will be seen that in many respects these two investigations 
have yielded comparable results. 

Fig. 2 is a tracing of one observation from a scries in which the curtailed 
premature beat cycle was 0 • 913 of a normal cycle, and in fig. 16a all the observa¬ 
tions of the series have been plotted according to the convention adopted when 
dealing with the action of single premature beats. In fig. 166 the positions of 
the subsequent beats, i.e., the ends of the second premature beat cycles are 
shown on a larger scale. Fig. 16c shows the observations similarly plotted for 
ourtailed premature beat cycles equal to 0-976 of a normal cycle. Unfortunately 
there were only three observations in this experiment with fairly short cur¬ 
tailed premature beat cycles (0 *665 of a normal cycle). A more complete 
Beries is shown in fig. 17 with curtailed premature beat cycles of 0-950, 0-66 
and 0-50 of a normal cycle. When the curtailed premature beat cycle is 
short, the length of the second premature beat oycle is independent of the 
length of the curtailed normal cycle, and the longer the ourtailed premature 
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beat cycle, the more is the length of the second premature beat cycle affected 
by changes in the length of the curtailed normal cycle. However, when the 
curtailed premature beat cycle iB very short, e.g., less than 0-5, the disturbance 
of rhythm usually resembles that produced by oarly-premature-beats. Such 



Fra. 10a—Observations with two premature beats plotted on the same principles as 
those for single premature beats in fig. 3. In order that the lengths of the second 
premature beat cycles should be immediately observable along the abscises, the second 
premature beat has been used as a zero point. The first premature beat occurring 
in this experiment, 0*013 of a cycle earlier is therefore marked —0*913. 
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Fia. 166—The extreme right-hand portion of fig. 16a—beyond 1 *0—is shown enlarged, 
the points as before representing the second premature beat cycles plotted against 
the curtailed normal cycles. The broken line is the curve predicted aooording to the 
hypothesis Btated on p. 346 . Fig. 16 c—S ame experiment as fig. 166 but the interval 
between the two premature beats is 0 * 976 of a oyele. The broken ll«m again shows, 
the predicted curve. 
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experiments in which the second premature beat was an carly-preraature-beat 
will be dealt with in the next paper. 

When investigating the action of two antidromic impulses on the rhythmic 
discharge of a motoneurone, it was found that the second antidromic impulse 
was followed by a cycle having a duration corresponding closely with that 
calculated from the action of a single antidromic impulse on the assumption 
that with a given rhythm the rhythmic centre of a motoneurone was always 
in the same condition at any particular interval before its next discharge. A 



Fig. 17 a Fio. 176 Fig. 17c 


Fio. 17o—A 8 in fig. 166 in another experiment with an interval of 0*055 between the two 
premature beats. The broken line again shows the predicted curve. Fig. 176—Same 
experiment as fig. 17a but interval is 0*66. Fig. 17c—S ame experiment as fig. 17a 
but interval is 0*C0. 

similar assumption has been tried in the present problem, and it has been 
found that the calculated and experimental values were in close agreement 
except in those cases where the second premature beat was an early-prcmature- 
beat (Eccles and Hoff, 19346). 

In fig. 18 1^, R a , R f , R 4 , R a , Re represent the successive normal beats of the 
pacemaker and the rhythm is interrupted by a premature beat P x , R # P X being 
the curtailed normal cycle, and P t R 4 the premature beat cycle. It has been 
assumed that at any point X+ in the latter part of the premature beat oyole 
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the rhythmic centre is in the same condition os at a point X a in a normal cycle 
if X t R a equals X 4 R 4 . A second premature beat set up at X^ e.g., P a in fig. 19. 
should therefore be followed by a cycle P a R 5 equal in length to the premature 
beat cycle which would follow a single premature beat set up at X t . For any 
given interval P^j between the premature beats (the curtailed premature 
beat cycle), it will be seen that the interval between P a and the hypothetical 
end R a of the premature beat cycle following P t will depend on the length of 
the curtailed normal cycle R 8 Pi. for this governs the length of P 1 R 4 in the way 
that has already been discussed (cf. p. 330 et seq .). And for each interval P 2 R 4 
it is possible to calculate the expected length of P a R 5 according to the above 

*4 

Fig. 18— Schema showing effect of a single premature beat on the rhythmic boat of the 
pacemaker. Details in text. 

assumption. Thus from the curve for single premature beat cycles there 
can be calculated the expected curve correlating the curtailed normal cycles 
and the second premature beat cycles for any length of the curtailed premature 
beat cycle. 

Such calculated curves arc drawn as broken lines in figs. 16 and 17 and are 
seen to be in very close agreement with the points experimentally obtained. 
Altogether the calculated curve has agreed closely with the experimental 
observations in twenty-three such series of observations spread over eleven 


separate experiments. The only exceptions have occurred when the curtailed 
premature beat cycle has been very short, the second premature beat then 
functioning as an early-premature-beat (p. 358). 

When the curtailed premature beat cycle has been shorter than 0*6 of a nor¬ 
mal cycle, another difficulty has arisen with some calculations. It has been seen 
in the preceding paper that the refractory period following a premature beat 
is shorter than normal (p. 321), i.e., after a premature beat it is possible to 
set up a second premature beat at an interval shorter than that obtaining for 
the curtailed cycle of the earliest single premature beat. Thus in fig. 20 
PjPj is shorter than R a Pj, Pj being the earliest possible premature beat after 
R a . Moreover, the premature beat cyole after P x alone, ».e., P 1 R 4 , is longer 


\* I* 

Fra. 19-^As in fig. 18 but for premature beats P, and P B . 
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t h a n a normal cycle, so it ia dear that P|R 4 is much longer than any interval 
at which a single premature beat can be set up before the end of a normal oyde. 
Hence it is not possible to calculate P 1 R 5 from the action of a single premature 



Fro. 20—As in fig. 10 but with a very short interval between the premature beats P, and P B . 


beat. However, a sufficiently long extrapolation of the curve for single pre¬ 
mature beat cycles is usually easy, for, with short curtailed cycles, it has been 
seen that the length of the premature beat cycle changes relatively little. The 
curve drawn in fig. 17c is actually calculated in this way. 



Fro. 21 Fia. 22 


FlO. 21*—As in fig. 106 but the observations were made during tetanic stimulation of the 
nervi aooelerentes. The interval between the two premature beats was just equal to 
the duration of a dyole. As before the broken lino shows the theoretical curve. 
Fio. 22—As in fig. 166 but obtained during tetanic stimulation of the vagus, the 
interval between the two premature beats being 0*47 of a cycle. 


Fig. 21 shows that the calculated and observed values are strikingly similar 
when the rhythm is quickened by tetanic stimulation of the nervi accelerantes. 
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Good agreement has also been present in those series of observations from the 
three other experiments in which this investigation has been attempted. 

Again fig. 22 showB that there is good agreement when the rhythm is slowed 
by tetanic stimulation of the vagus nerve. Altogether six such series of 
observations were obtained in the four experiments in which this investigation 
was attempted. With the usual degree of vagal slowing (20 to 50% lengthening 
of cycle) the calculated and observed values have always been similar except 
when the curtailed premature beat cycle has been so short (less than 0 a 4) that 
the second stimulus set up an early-premature-beat. 

No deviation has been detected between the calculated and observed values 
for the second premature beat cycle in those experiments in which the first 
premature beat cycle was followed by a lengthened subsequent cycle, e.g., 
Table II, but in such experiments there was a slight lengthening of the subse¬ 
quent cycle when the curtailed premature beat cycle was short. 

The very good agreement between the calculated and experimental values 
for the second premature beat cycles in all experiments with a sufficiently long 
curtailed premature beat cycle proves for such conditions the correctness of the 
assumption underlying the calculation, namely, that for any given rhythm the 
rhythmic centre is always in the same condition (so far as the action of premature 
beats is concerned) at any particular interval before the next spontaneous beat , 
whether this beat be a normal beat or the subsequent beat terminating a late-pre- 
mature-beat cycle . In other words, with any given rhythm the spontaneous 
boat is alwayB the result of the same temporal course of events in the rhythmic 
centre so far as is indicated by the action of a premature beat. Now wo have 
seen that the earlier the premature beat, t.e., the shorter the curtailed cycle, 
the longer is the premature beat cycle. The latter part of the premature 
beat cycle is, however, similar to the latter part of a normal cycle. The 
lengthening of the premature beat cycle must therefore occur during its early part 
and be due to a delay in setting up the sequence of events which initiates the subse¬ 
quent beat; and this delay is the longer the shorter the curtailed cycle . 


II— Discussion 
A —Discussion of Hypotheses 

Since a premature beat produces a permanent change in the phase of the 
rhythm (p. 330), it must act on the rhythmic mechanism itself. Moreover, it 
has been seen that the lengthening of the premature beat cycle is directly due 
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to this action on the rhythmic mechanism (p. 335). It is therefore clear that 
the investigation of this premature beat cycle is of fundamental importance 
for the eventual elucidation of the nature of the processes underlying the 
rhythmic production of beats. 

But a difficulty arises in attempting to formulate a satisfactory provisional 
hypothesis which would indicate further methods of attack. Most investigators, 
e.g. y Gaskell, Engelmann, and Hering, have postulated two factors as being 
essentially involved in the production of a rhythmic response (p. 307). One 
is a form of “ inner stimulus ” and the other the intrinsic excitability. An 
hypothesis of this type receives its chief support from the analogy with the 
processes of excitation by an electrioal stimulus. 

Now it has been argued (p. 324) that a beat set up by the pacemaker does not 
arise in the surface membranes of its constituent muscle fibres, but in another 
mechanism presumably within these muscle fibres. However, though initiated 
by this inner rhythmic mechanism the beat does not become apparent until 
it is transmitted to the surface membranes and spreads over them as the 
characteristic wave of the propagated impulse, for it is only then that it pro¬ 
duces an action potential. This inner rhythmic mechanism might possess an 
“ inner stimulus ” and an intrinsic excitability, but it is obvious that the 
extrinsic electrical excitability cannot be regarded as a test for such an intrinsic 
excitability. 

In the related problem of the rhythmic discharge of nerve cells it has been 
possible directly to determine the timo course of the intrinsic excitability 
(Eccles, 1931; Kccles and Sherrington, 1931, a) and it has been found that the 
rhythmic cycle is often much longer than the time necessary for the complete 
recovery of this excitability (Eccles and Sherrington, 1931, b\ Eccles and 
Hoff, 1932). In such conditions a progressive increase in intrinsic excitability 
is not a factor concerned in the production of a discharge (beat) so it has been 
suggested that a discharge is produced solely by a progressive increase of the 
“ inner stimulus ” or central excitatory state. When this reaches a certain 
threshold intensity, a discharge is set up, the central excitatory state is abruptly 
depressed, and must again be built up to the threshold intensity before the 
next discharge is produced. 

On analogy with this hypothetical description of the mechanism of the 
rhythmic discharge of nerve cells, the following hypothesis is suggested for the 
mechanism producing the rhythmic beat of the pacemaker. In the rhythmic 
mechanism there is a progressive increase in the “ inner stimulus 99 or excitement 
until this reaches a threshold intensity . A beat is then setup, the excitement is 
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abruptly depressed, and is again slowly built up to threshold at which point it 
sets up the next beat of the rhythmic series, and so on, 

B —Consideration of Experimental Results in Terms of Hypothesis 

It has been concluded (p. 346) that the lengthening of the premature beat 
cycle is due not to a slower building up of excitement during the latter part 
of the cycle, but to a delay in its early part. Hence it may be concluded that 
the excitement of the pacemaker is depressed more by a premature beat than 
by a normal beat. Moreover, this depression is the greater, the earlier the 
premature beat. The lengthening of the premature beat cycle would be a 
function of the depth of thiH depression, and the depth of the depression pre¬ 
sumably would be an inverse function of the excitement of the pacemaker at 
the instant the premature beat was set up*; hence this excitement should 
be an inverse function of the lengthening of the premature beat cycle. Now as 
the premature beat falls later and later in the cardiac cycle, the premature 
beat cycle shortens very little at first; but as evidenced by the outward 
convexity of the curves, figs. 3, 6. and 7, it shortens with increasing rapidity 
as the premature beat approaches the time of the next normal beat. On the 
above reasoning this would indicate that the excitement of the pacemaker 
increases relatively more slowly at first and then more and more quickly until it 
attains threshold and so sets up a beat. This abrupt attainment of threshold 
would appear as a possible factor in determining the extreme regularity of 
heart rhythm. 

Considerable variations in the durations of short curtailed cycles are accom¬ 
panied by very little change in the corresponding premature beat cycles, hence 
it is concluded that under such conditions the excitement is depressed almost 
to a basal level below which it cannot be diminished (cf. the basal condition 
described for the motoneurone, Eccles and Hoi!, 1932). Even when the pre¬ 
mature beat cycle is greatly curtailed by a second premature beat, the duration 
of the second premature beat cycle shows that there is very little further 
diminution of excitement. However, the curtailed premature beat cycle 
must not be too short, for then the second premature beat is an early-prcmature- 
beat and produces the disturbances of rhythm described in the next paper. 

The rhythmio responses of nerve cells (Eccles and Hoff, 1932) and of the tension 
receptors of muscle (Matthews, 1933) have been subjected to an investigation 

• This involves the tacit assumption that the premature beat always depresses the 
excitement by approximately the same amount (</. £ooles and Hoff, 1932). 
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similar to that described in this paper, the rhythm being disturbed by anti¬ 
dromic impulses, which are equivalent in effect to premature beats. In both 
these investigations the curve correlating the cycles before and after the 
premature beat has been concave outwards instead of convex as with the 
pacemaker. 

With the hypothesis in its present undeveloped form no explanation is 
forthcoming of the wide divergences from experiment to experiment in the 
relative lengthenings of the premature beat cycles. It has been seen that the 
gradual changes in any one experiment may be associated with changes in the 
heart rate, but other factors also appear to be involved. The effect of tetanic 
stimulation of the accelerantes or vagus can, however, be more profitably 
considered. 

During accelerantes stimulation the relative lengthening of the premature 
beat cycle is greater than with normal rhythm (p. 336) but, if the lengthenings 
of duration be measured in generalized time, i.e., in seconds, corresponding 
premature beat cycles are lengthened by approximately the same amount with 
normal and accelerated rhythms. In fig. 9, for example, the premature beat 
cycles with accelerated rhythms are lengthened slightly less than the corre¬ 
sponding cycles with normal rhythms, while, if fig. 10 be compared with fig. 6, 
the reverse is found to occur. The increase in relative lengthening of the 
premature beat cycle during acceleration seems therefore to be largely due to 
the shortening of the normal accelerated cycle, the temporal sequence of 
events during the earlier part of the accelerated premature beat cycle being 
practically identical with that obtaining during the corresponding premature 
beat cycles of normal rhythm. It is the latter part of the accelerated premature 
beat cycle, i.e., the part identical with the normal accelerated cycle, which is 
shortened. Thus the accelerantos appears to quicken the rhythm by hastening 
the building up of excitement during the latter part of a cycle. However, the 
above explanation is incomplete, for it takes no account of the fact that the 
relative lengthening of the premature beat cycle is not a simple function of the 
acceleration, e.g it lags behind the change of rhythm both at the beginning 
and during the gradual onset of fatigue of an accelerantes totanus (p. 337). 

Similarly the negative chronotropic action of the vagus is not simply related 
to the increased relative lengthening of the premature beat cycle, for this effect 
falls off before the effect on the rhythm (p. 339), and with the natural tonic 
action of the vagus there may be no effect whatever on the lengthening of the 
premature beat cycle (p. 340). The curves obtained during vagal tetanus 
have exhibited a progressive lengthening of the premature beat cycle even 
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when relatively short curtailed cycles are farther shortened, figs. 13, 14, and 
15. This by the above argument (p. 348) would indicate that there wae an 
appreciable increase of excitement relatively much earlier in the cycle than 
with the normal rhythm. Thus there is a much longer period than normal 
during which excitement is increasing. This inference fits in well with the 
conclusion arrived at in a later paper (Brown and Ecclea, 1934), that the vagus 
slows the heart beat not by preventing excitement from accumulating, but by 
counteracting its action on the rhythmic mechanism so that a greater intensity 
is necessary to set up a beat; hence the longer period necessary for accumula¬ 
tion. Vagal action appears to produce no delay in the initial stages of the 
building up of excitement. 


Summary 

Premature beats have been set up by a stimuli applied directly to the pace¬ 
maker and action potentials have been recorded by an amplifier and Matthews 
oscillograph, one lead being from the pacemaker and the other from the auricle. 

Except when premature beats have been set up after very short curtailed 
cycles (early premature beats considered in the next paper) the cycle next 
following the single premature beat, the premature beat cycle , is lengthened, 
being the longer the earlier this beat is set up after the preceding normal beat, 
the shorter the curtailed cycle. The cycle after the premature beat cycle 
(the subsequent cycle) may be slightly lengthened, but thereafter the normal 
rhythm is resumed, though with an altered phase for the lengthening of the 
premature beat cycle (and subsequent cycle) is less than the shortening of the 
curtailed cycle. 

Wenckebach explained the relationship between curtailed and premature 
beat cycles in terms of the delay occupied by the conduction time to the pace¬ 
maker, but this proves inadequate, consequently it jb concluded that the 
lengthening of the premature beat cycle is a direct effect of the premature 
beat on the rhythmic mechanism of the pacemaker. 

Tetanic stimulation of the nervi accelerantes or of the vagus produces a 
greater relative lengthening of the premature beat cycle, but with neither 
stimulation does this lengthening appear to be simply related to the alterations 
in the length of the normal cycle. 

The disturbance of rhythm produced by two premature beats has been 
investigated when the second curtails the first premature beat cycle to a varying 
degree but not to such an extent that it is an early-premature-beat. The 
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second premature beat cycle haa been plotted against the ourtailod normal 
cycle, and it has been found that the experimental results closely agree with 
the values calculated from the curve for single premature boats, if the assump¬ 
tion be made that for any given rhythm the rhythmic centre is always in the 
same condition of functional oxcitcment at any particular interval before the 
next spontaneous beat. 

In a provisional hypothesis it is tentatively suggested that there is in the 
rhythmic centre a condition called excitemetd, which gradually increases 
throughout the cycle and sets up a beat when it attains a certain threshold 
intensity. It is immediately depressed, and must again be built up to threshold 
before the next beat can bo set up. The results are discussed in terms of this 
conception, but no quantitative development of the hypothesis has been 
possible. 
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The Rhythm of the Heart Beat. Ill —Disturbances of Rhythm 
produced by Early Premature Beats 

By J. C. Eccles and H. E. Hoff 

The Physiological Laboratory Oxford 

(Communicated by Sir Charles Sherrington, F.R.S.—Received August 12, 1933 

—Revised April 21,1934) 

In the preceding paper it was shown that the disturbance of rhythm produced 
by a premature beat introduced in the latter part of a normal cycle or of a 
premature beat cycle is a comparatively simple and regular one: the cycle 
following the premature beat so introduced is lengthened by an amount that 
varies with the degree of curtailment of the preceding cycle. The subsequent 
cycle is normal, or, when the shortening of the curtailed normal cycle is more 
marked, it may be slightly lengthened. This paper will deal with the dis¬ 
turbances of rhythm produced by a premature beat introduced earlier in a 
normal cycle or a premature beat cycle; they are more complex and less 
regular. Responses of this type have previously been observed by Drury and 
Brow (1926), who called them re-entrant beats, and by Miki and Rothberger 
(1922), but no attempt has been made to elucidate the mechanism of their 
production. The method used was that described in the previous paper, 
p. 308. 


I—Experimental Results 

A —Disturbance of Rhythm produced by an Early-premalure-beat Curtailing a 
Normal Cycle ( Early-subsequent-beats) 

The whole gamut of the effects of premature beats on rhythm is illustrated 
by the series of observations of Table 1, which is similar in construction to 
Table I of the previous paper. The upper part of the table shows the lengthen¬ 
ing of the premature beat cycle when the ourtailed normal cycle is long 
(late-premature-beats). As the curtailed normal cycle shortens to less than 
0-50, there also seems to be some lengthening of the subsequent cycle (cf> 
Tables I and II of the previous paper). The lower part of the table shows 
that with eariy-preinature-beats (curtailed normal cycle 0-346 or less) the 
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premature beat cycle is greatly shortened by the appearance of an early- 
nibsequent-beat, while the subsequent cycle is usually lengthened. The lowest 
two observations show that, when the curtailed normal cycle is very Hhort 
indeed, the premature beat cycle and even the subsequent cycle may also be 


Curtailed 
normal cycle 

008 

001 

0*87 

0-82 

0-7/5 

0-74 

0-07 

0*63 

0*60 

0*60 

0-56 

0-00 

0-50 

0*40 

0*48 

0*43 

0*42 

0*41 

0-38 

0*32 


Table I—Single premature beats 


Premature Bubeoauont 

beat cycle cyole 


1*02 
1-085 
1-125 
1-13 
1*10 
1*17 
1-18 
1*185 
1*20 
1-20 
1*23 
1-20 
1-21 
1*205 
1-20 
1-19 
1-205 
1*225 
1-22 
1 22 


1-01 1 
0-99 
0-095 
0*095 


1-00 
0-995 
0-99 
1-005 
1 01 
1*02 
100 
1-00 
1*00 
1*025 
1-00 
1 02 
1-02 
1-02 
1 02 
1-02 


> Late-premature-beata 


0*345 

0*74 

0-34 

0-666 

0-34 

0-06 

0*34 

0-64 

0-32 

0-57 

0*32 

0-01 

0-31 

0*68 

0*276 

0*70 

0-26 

0-84 

0*175 

0-20 

0*170 

0*15 


1*10 
1 07 


1*185 
1-215 * 
1*10 
1*27 
1*27 
009 
1*27 
0-26 


Early-premature-be at* 


(next cycle 1 *08) 


exceedingly short. Fig. 1 is a tracing of an observation in which an early- 
subsequent-beat appeared. 

Early-Bubsequent-beats have only arisen after singlo premature beats in 
about one-third of our experiments, but in all such experiments (10) there has 
been a critical duration of curtailed normal cycle below which early-subsoquent- 
beats have always been set up. This is the basis of the subdivision of pro- 
mature beats into late-premature-beats producing the disturbances of rhythm 
dealt with in the previous paper, and early-premature-beats, which are 
characterised by the setting up of early-subsequent-beats. Usually there 
has been a slight lengthening of subsequent cycle following those late-premature- 
beats which are somewhat longer than this critical duration, and in some this 



normal Early premature 

Normal cycle cycle beat cycle Subeequent cycle 
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lengthening has been much more obvious than in Table I, but in a few, c.g. t 



Table II, this transitional condition does not seem 
to be present. 

The following generalisations concerning early* 
subsequent-beats have been based on a close exam¬ 
ination of the records of the above 10 experiments. 

(1) The critical degree of shortening of the cur¬ 
tailed norma) cycle necessary for the appearance of 
early-subsequent-beats varies from experiment to 
experiment and it bears no regular relation to the 
absolutely refractory period. If the latter were 
the longer, then early-subsequent-beats could not 
arise, a condition obtaining in two-thirds of our 
experiments with single premature beats. 

(2) The experiments in which early-subsequent- 
bcats appeared were mostly those in which late- 
premature-beats were followed by considerably 
lengthened premature beat cycles (1-20 or more). 

(S) In six of the 10 experiments early-sub sequent- 
beats only occurred during tetanic stimulation of 
the vagus. In five this appeared to be associated 
with a concomitant shortening of refractory period, 
for the critical duration of the curtailed cycle was 
usually shorter than the refractory period obtaining 
in the absence of vagal stimulation. In only one 
experiment did the vagus definitely have no effect 
on the occurrence of early-subsequent-beats, and 
in this it also had no effect on the duration of the 
refractory period. The vagus stimulation was at 
times strong enough to displace the pacemaker to 
some other part of the sino-auricular node, as shown 
by change in action potentials, but it never dis¬ 
placed the pacemaker to the auriculo-ventricular 
node. Tetanic stimulation of the nervi accelerantes 
never had any appreciable effect on the occurrence 
of early-subsequent-beats. 

(4) There has been no constant relationship be¬ 


tween the durations of curtailed cycles and of the corresponding premature 
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beat cycles terminated by early-subsequent-beats., Usually there has been a 
tendency for shorter curtailed cycles to be followed by shorter premature 
beat cycles (of. Table II), 

(5) In two experiments the refractory period of the pacemaker after an 
early-premature-beat was determined and was found to be similar to that 
obtaining after a late-pre mature-beat, whose curtailed cycle was just longer 
than the critical value. A similar duration was also found for the refractory 
period following an early-subsequent-beat. It seems, therefore, that neither 
early-premature-beats nor early-subsequent-beats can be distinguished from 
late-premature-beats by the duration of the refractory state which follows 
them. 


Table II—Single premature beats—only some of the observations with late 

premature beats are shown 


Curtailed 

Premature 

normal cycle 

beat oyole 

0*97 

1-026 

0*04 

104 

0*886 

1*07 

0*866 

MO 

0*86 

1*13 

0-72 

1*17 

0-flfi 

1*146 

0*60 

1 16 

0*60 

1176 

0*47 

1-20 

0*47 

0-96 

0*46 

0*70 

0*46 

0-46 

0*44 

0*60 

0*44 

0*48 

0*44 

0-46 

0*42 

0-66 

0*41 

0*346 


Hubsequent 
cycle 
100 " 

100 

100 

100 

1 -005 > Late-premature-beats 

1 no 
101 
1005 
0-996 
1-00 , 

1-mi 
lie 
1 02 

1*12 > Early-prematuro-boatu 
1 '065 
J066 
1 18 , 

1 (off Plato) 


(6) The action potentials of carly-subsequcnt-beats were sometimes indis¬ 
tinguishable from normal beats (fig. 1, c/. Drury and Brow, 1926). More often 
they differed from normal, indicating that the early-subsequent-beats had 
arisen in parts of the sino-auricular node some distance from the pacemaker, 
but in no case did early-subsequent-beats appear to have arisen in the auriculo- 
ventricular node. 

(7) In five experiments early-premature-beats with very short curtailed 
cycles were followed by a rapid irregular series of beats (cf. the lowest observa¬ 

tion of Table I). This is apparently the condition described by Lewis, Drury, 
and Bulger (1921) aB “ rapid re-excitation.” 

Theories of the Production of Early Spontaneous Beats —1. Kisch (1921) 
working on dying rabbits 1 hearts, and Drury and Brow (1926) using dogs 6 7 * 9 
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hearts, observed that after an auricular extra-systole (premature beat) the 
subsequent beat sometimes occurred at exactly the moment when the next 
spontaneous beat would have been due, had no extra-systole been produced 
i.e, t the combined lengths of the curtailed normal cycle plus the premature 
beat cycle equalled one normal cycle. They supposed that in these oases the 
premature beat had not disturbed the rhythm of the pacemaker at all, and 
they called it an “ interpolated extra-systole.” Drury and Brow explained 
this by assuming that the interpolated extra-systole was set up early in the 
cycle while the pacemaker was still refractory. 

The present records contain a few examples where the sum of the curtailed 
normal cycle and the premature beat cycle has equalled one normal cycle, 
and these may possibly be susceptible of Drury and Brow’s explanation. In 
the groat majority of examples, however, as Tables I and II show, the sum 
is either greater or leas than one normal cycle, and Drury and Brow also 
mention such discrepant examples in their records. Their explanation, 
therefore, cannot hold for the appearance of early-subsequent-beats in general, 
and it is not unlikely that the occasional occurence of a subsequent beat at 
the moment when it would have arisen in an undisturbed pacemaker is merely 
a chance happening. 

2 . An analogous explanation, however, suggests itself, and requires closer 
examination. It is generally accepted that the sino-auricular node contains 
many potential pacemakers as well as one actual pacemaker. These are all 
rhythmic centres, varying somewhat in their intrinsic rate of discharge. The 
actual pacemaker is the one with the fastest rate, and every impulse arising 
in it discharges all the others aa well; hence none of them succeeds in initiating 
an impulse, unless the actual pacemaker is in some way depressed. It is 
conceivable that one of these subsidiary centres might have a longer refractory 
period than the pacemaker (as well as a slower rhythm), and that an early- 
prematuro-bcat might fall inside this refractory period, although outside the 
refractory period of the pacemaker. In that case, the early-premature-beat 
would discharge the pacemaker, but not the subsidiary centre, and the latter 
might then give rise to an early-subsequent-beat. 

This conception cannot explain those cases where the sum of the curtailed 
normal cycle and the premature beat cycle is equal to or less than one normal 
cycle, for it regards all subsidiary centres where the subsequent beat might 
possibly arise as possessing a slower rhythm, i.e.. longer cycles, than the actual 
normal pacemaker. It can be entertained only in respect of those examples 
where the sum is greater than one normal cycle. In these cases it can be 
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tested by the method developed in the preceding paper (p. 343); for, if 
the early-subsequent-beat arises elsewhere than in the normal pacemaker, it 
will affect the pacemaker in the same way as a premature beat induced by 
electrical stimulation, and can be treated as a second premature beat curtailing 
the first premature beat cycle. 

In fig. 2, R lf R a , R a represent normal beats arising in the pacemaker, and 
being conducted to and exciting a subsidiary rhythmic centre C, at C^, C 2 , C a . 
P is a premature beat set up by electrical stimulation, which excites the pace¬ 
maker, but not the subsidiary centre C on account of its longer refractory 

_Aj* iftf_ 

£l \Cm k. g fo \Ci \ c, 

Fia. 2—Schema illustrating a possible explanation of an early-suhecqilent-beat appearing 
after a single premature beat. Details in text. 

period. C then gives rise to the early-subsequent-beat C 4 , which is con¬ 
ducted back to the pacemaker and excites it at R 4 , thus cutting short the 
premature beat cycle which would otherwise have terminated at X. in 
any given experiment the point X is predictable from the curve relating the 
lengthening of premature beat cycles to the length of the preceding curtailed 
normal cycles (see previous paper, p. 332); a short extrapolation beyond the 
critical point where early-subsequent-beats appear is necessary, but this is 
justified, for the purpose of this argument, by the assumption from which the 
argument proceeds, namely, that the early-subsequent-beat does not arise in 
the pacemaker. X having been determined in this way, R 4 is treated as a 
second premature beat introduced in the first premature beat cycle PX, and 
the expected length of the second premature beat cycle R 4 R 6 is then determined 
from the above-mentioned curve. This expected length has been compaml 
with the actual length of the cycle after the early-subsequent-beat in a large 
number of examples. No satisfactory agreement was found (cf. Tables I and 
II); the actual length was often much shorter than the expected length, and 
the discrepancy would have been increased had allowance been made for the 
conducting time C 4 R 4 . 

Delay in the restoration of pacemaking function from C to R will not explain 
the discrepancy, for the cycles after the subsequent cycle were of normal 
duration except in those cases where 11 rapid re-excitation ” was produced 
(lowest record of Table I). 

We must therefore abandon the conception that early-subsequent-beats 
arise in subsidiary rhythmic centres outside the pacemaker which itself is 



858 


J. C. Eooles and H. E. Hofl. 


behaving in the same way as it does with late-premature-beats. This explana¬ 
tion could hold for some observations of Tables I and II, bat it completely 
fails as a general explanation of early-subsequent-beats. 

An alternative explanation of the origin of early-subsequent-beats will be 
suggested in the discussion at the end of this paper. 


B— Disturbance of Rhythm produced by an Early-jiremalure-beat Curtailing 
a Premature Beat Cycle 


In all the experiments in which these observations wore made, the disturb¬ 
ance produced by single premature beats had also been studied, and it was 
known whether it was possible in each case to set up early-premature-beats, 
i.e. f to obtain early-subsequent-beats. 


Table III—Two premature beats 


Curtailed 

Curtailed 

Hocoud 


normal 

premature beat 

premature beat 

Subsequent 

cycle 

oyole 

cycle 

cycle 

0-843 

0*485 

1155 

1-05 

0-83 

0*485 

1 • 145 

1*045 

0-81 

0*45 

1*145 

1-035 

0*785 

0*485 

115 

1-04 

0-78 

0-45 

0*575 

1*12 

0*75 

0*46 

0*58 

1-10 

0-70 

0*45 

0-615 

1 -10 

0-fil 

0*45 

0*054 

1-11 

0-505 

0*45 

0*635 

1-13 

0 54 

0*45 

0*73 

1-13 

0-53 

0-45 

009 

1-045 

0-525 

0*45 

I-015 

1-04 

0-51 

0-45 

1 015 

1-025 

<1-50 

0*45 

1-025 

1-025 

0-485 

0*45 

0-906 

1-035 

0-48 

0*45 

0-94 

1-016 


I —Disturbance Produced by an Early-premature-beat Curtailing a Late- 
premature-beat Cycle— This is exemplified by Table III which is taken from an 
experiment in which single premature beats were never followed by early- 
subsequcnt-beats, t.e., early-premature-beats were unobtainable; all the first 
premature beats are therefore “ late.” The curtailed normal cycles in the 
first column range from 0*48 to 0*845 ; when the curtailed normal cycle was 
longer than 0*845, however, the refractory period following the first premature 
beat was so long that the second stimulus failed to produce a beat. The upper 
part of the table is completed by introducing three observations with a slightly 
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longer interval (0 * 485) between the premature beats. As the curtailed normal 
cycle becomes progressively shorter, the second premature beat cycle and the 
subsequent cycle undergo changes which show two abrupt transitions, dividing 
the table into three sections. 

In the uppermost section, the second premature beat cycle is longer than a 
normal cycle, and the subsequent cycle is slightly lengthened by an amount 
comparable with that observed after the earliest of single late-premature- 
beats (p. 340). The second premature beat is therefore behaving, here, 
as a late-premature-beat, so the disturbance of rhythm is the same os with two 
late-premature-beats in the preceding paper (p. 341). 

Then comes a sharp “ upper transition ” to the middle section of the table. 
The second premature beat cycle becomes much shorter, while the subsequent 
cycle becomes more markedly lengthened. The second premature beat is 
now behaving like the single early-premature-beat described above in this 
paper, being followed by an early-subsequent-bcat and a lengthened subse¬ 
quent cycle. 

There follows a second sharp 41 lower transition ” to the lower section of the 
table, in which the second premature beat cycle lengthens to the neighbourhood 
of I *0, and the subsequent cycle is Htill lengthened but less than in the middle 
section. 

In five experiments results essentially similar to those of Table III have been 
obtained and the following general statements may be made:— 

(1) In the upper section, the lengthening of the second premature beat 
cycle usually agreed with the amount predicted by the method used in the 
previous paper (p. 343). In a few cases the observed values were longer than 
the predicted ones and when present these unexpectedly long observed values 
were always just above the upper transition, i.e., as the curtailed normal cycle 
was shortened, they appeared as a transitional condition preceding the stage of 
carly-Bubsequent-beats. 

(2) The upper transition was always sharp. 

(3) The short second premature beat cycles in the middle section sometimes 
showed a progressive lengthening as the curtailed normal cycle became shorter. 
This is shown in Table III but was not constant. 

(4) The lower transition is sometimes distinct and sometimes blurred. 

(5) The lengthening of the subsequent cycles in the middle and lower sections 
was usually less than that predicted by the method described on p. 357, starting 
from the oonoeption that the early-subsequent-beat arises from a centre 
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outride the pacemaker, which is itself behaving as with late-premature-beata. 
That conception therefore will not do for a general explanation of early-subse¬ 
quent-beats produced by an early-premature-beat curtailing late-premature- 
beat cycles. The above conception is also ruled out by the fact that the cur¬ 
tailed first premature beat cycle plus the second premature beat cycle is 
often less than the duration of the first premature beat cycle when it was 
not curtailed. For example, with the upper observations of the middle section 
of Table III, the first premature beat cycle alone would have had a duration 
greater than 1 * 10, but the sum of columns 2 and 3 is much less than this. 

(6) The action potentials of early-subsequent-beats often resembled in 
shape the action potentials of normal beats. 

In these experiments further series of observations were made with certain 
conditions altered, And they yielded the following results. 

(i) With longer intervals between the two premature beats, t.e., less curtail¬ 
ment of the first premature beat cycle, the section of the table above the first 
transition became extended at the expense of the lower. Thus in Table IV 
the upper transition occurred, i.e., early-subsequent-beats appeared, only 
when the curtailed normal cycle had become as short as 0-52, and the lower 
transition failed to appear. With still longer intervals early-subsequentibeats 
did not arise, the disturbance of rhythm being the same as that discussed in 
the previous paper (p. 341). 


Table IV—Two premature boats 


Curtailed 

Curtailed 

ticeond 


normal 

premature beat 

premature beat 

Subsequent 

cycle 

cycle 

cycle 

cycle 

0-965 

0*516 

1*135 

1025 

0-1)46 

0*515 

1-12 

1*025 

0*886 

0*615 

M3 

1-045 

0-88 

0-615 

M3 

1-035 

O' 85 

0*515 

1*115 

1-03 

0-84 

0*615 

M2 

1-045 

0-816 

0*615 

M2 

104 

0-79 

0*615 

1-106 

1-03 

0-79 

0*616 

MO 

1*035 

0-78 

0*515 

1095 

1-036 

0-71 

0*516 

1-09 

108 

0-625 

0*515 

1*09 

103 

0-585 

0*516 

MO 

103 

0-565 

0*516 

1-085 

1025 

0*62 

0-515 

0-87 

1-145 

0-51 

0*515 

0-92 

1-13 

0-486 

0-615 

0-81 

1-11 

0-486 

0*516 

0-815 

1-125 


(ii) With intervals between the two premature beats progressively shorter 
than that used for series like Table III, with greater curtailment of the 
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first premature beat cycle, the curtailed normal cycle had of course to be pro¬ 
gressively shorter in order that there should be a sufficient shortening of 
refractory period (p. 321) to allow the second premature beat to be Bet up. 
This downward encroachment of the upper limit of the series did not appreciably 
affect the transitions, until it abolished them by passing below them. 

(iii) Tetanic vagal stimulation and tetanic accclerantes stimulation did not 
alter any significant features of the result except that vagal stimulation made 
it possible to set up single early-premature-beats in experiments where without 
vagal stimulation they were unobtainable (cf. p. 354); these cases will be 
considered in the next section. 

Besides the five experiments discussed above, six experiments gave observa¬ 
tions similar to the series with long intervals between the two premature 
beats, Table IV. Series similar to Table III were not obtained on account of 
the increased difficulty in eliciting early-subsequent-beats. Such experiments 
represent a condition transitional between the above five experiments and our 
single experiment in which two premature beats failed to elicit early-subsequent- 
beats even at the shortest interval at which they could be set up. 

II— Disturbance of Rhythm Produced by a Premature Beal Curtailing an Early - 
premature-beal Cycle— It has been soon (p. 353) that early-prcmature-beats, 
i.e. , single premature beats that are followed by early-subsequent-beats, are 
obtainable only in certain experiments. The effect of curtailing an early- 
premature-bcat cycle by a second premature beat lias only been studied in 
three experiments. Table V shows one series obtained during tetanic vagal 
stimulation. For the conditions of this experiment the critical shortening of 
the curtained normal cycle separating early- from late-premature-bcats was 
about 0-365 (0-34-0-39). In each of the lowest two observations of Table V, 
the first premature beat was therefore an early-premature-beat. Its cycle 
was curtailed in turn by a second premature beat, and the second 
premature beat cycle is seen to be longer than a normal cycle, but it is a little 
shorter than the duration predicted from the effect of single late-premature- 
beats. The upper part of the table is also interesting, for the second premature 
beat oycle is short, i.e. 9 early-subsequent-beats occur, with all lengths of the 
curtailed normal cycle. This, of course, is to be expected because the interval 
between the two premature beats (0*30) is shorter than the critical duration 
of the curtailed cycle (about 0*365) separating early- from late-premature- 
beats. The whole upper part of Table V would therefore correspond to the 
lowest sections of Tables I and II, and presumably to the middle section of 
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Table III. In some other series there has also seemed to be a transition in the 
lengths of the seoond premature beat cycle according as to whether the first 
premature beat cycle was " early ” or “ late/' but in many no snch transition 
has appeared. A systematic study of this section is needed before any con¬ 
clusions can be drawn. 


Table V—Two premature beats 


Curtailed 

Curtailed 

Second 


normal 

premature beat 

premature beat 

Subsequent 

oyole 

cycle 

cycle 

oyclo 

100 

0-30 

0-875 

1-060 

008 

0-30 

0-85 

1-005 

0-970 

0-30 

0-82 

1-020 

0-88 

0-30 

0-88 

1-030 

0*88 

0-30 

0-85 

100 

0-70 

0-30 

0-86 

1-00 

0-690 

0-30 

0-925 

1-04 

0-04 

0-30 

0-915 

1-00 

0-62 

0-30 

0-925 

100 

0-080 

0-30 

0-93 

0-96 

0 07 

0-30 

0*90 

106 

0-560 

0-30 

0-93 

1025 

0-525 

0-30 

0-95 

1-025 

0-470 

0-30 

0-W 

1*045 

0-47 

0-30 

1-01 

1-045 

0-45 

0-30 

0-93 

101 

0-410 

0-30 

0-94 

0-99 

0-325 

0-30 

1-165 

0-025 

0-303 

0 30 

1-13 

1-00 


II— Discussion 

The action potentials of many early-subsequent-beats so closely resemble 
the normal action potential that such beats must have originated in the very 
near neighbourhood of the normal pacemaker, if not actually in it. Doubtless 
some early-subsequent-beats have arisen from rhythmic centres other than 
the pacemaker, but even in many of these cases the lengths of the subsequent 
cycles show that the pacemaker is not behaving as with late-premature-beats 
(pp. 357-360). Moreover, the normal pacemaker is probably distinguished 
from other rhythmic centres in the sino-auxicular node solely by its slightly 
faster intrinsic rhythm. Hence it is justifiable as a first approximation to 
consider all early-subsequent-beats as arising in a single rhythmic centre—the 
pacemaker. 

In contrast to the sharp transition between the disturbances of rhythm 
produced by early- and late-premature-beats, there is a gradual transition 
between the normal rhythm and the disturbance of rhythm produced by late- 
premature-beata, all intermediate stages existing as a premature beat fall* 
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later and later until it just anticipates the setting up of a normal beat (p. 333). 
Moreover, by assuming that the latter parts of late-premature-beat cycles are 
the same as those of normal cycles, it is possible to calculate the durations 
of the second premature beat cycles when late-premature-beats curtail late- 
prematurc-beat cyoles (p. 341), but this is not possible with early-premature- 
beats. It seems, therefore, that normal beats and late-premature-beats form 
a class apart from early-premature-beats. 

Hypothetical Conception of the Action of the Pacemaker —It is assumed that 
the rhythmic mechanism of the pacemaker has a certain extensity, its diverse 
parts being co-ordinated into a functional unit by some system of integration. 
A beat is set up when the integrated excitement of the whole rhythmic mechan¬ 
ism attains a certain threshold intensity, and an immediate depression of 
excitement results. With the exception of the concept of integration this 
hypothesis has already been developed as an explanation of normal rhythm 
and of the disturbances of rhythm produced by late-premature-beats (see 
previous paper, p. 347, for a full statement). In such cases no consideration of 
integration was necessary, for all parts of the rhythmic mechanism are assumed 
to be equally involved by normal beats and late-premature-beats. 

With carly-prcmature-beats, however, it is assumed that only a fraction of 
the rhythmic mechanism of the pacemaker is fired off, the remainder of the 
pacemaker being refractory. In the unexcited fraction there would be no 
depression of the excitement, which would, on the contrary, continue to 
increase; and so for the next beat this fraction would provide much more 
than its normal share of the threshold intensity of the integrated excitement. 
As a consequence threshold intensity would be attained and a subsequent 
beat set up earlier than after a late-premature-beat. Such an early-subsequent- 
beat would probably be followed by a subsequent cycle shorter than that 
predicted from the effect of late premature beats (p. 357), for after this beat 
the previously unexcited fraction presumably would still have an excitement 
greater than it would have after a normal beat,* and so it would again con¬ 
tribute more than its normal share of the integrated exoitement. Now, for 
the subsequent cycle, the observed discrepancy has almost always been a 
shortening (p. 357), hence in this respect the explanation fits in well with 
experiment. 

* The previously excited fraction would have an excitement lew than after a normal 
boat, but thin depression would be limited by the basal level below which exoitoment 
cannot be reduced (p. 348). 
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If the unexcited part forms only a "mail fraction of the rhythmic mechanism, 
a great increase in the intensity of its excitement will contribute relatively 
little to the integrated excitement, and so will produce only a small deviation 
from the normal response times. This would perhaps be the explanation of 
those observations with single late-premature-beats in which the subsequent 
cycle was slightly longer than normal (p. 340). In such cases the premature 
beat cycle itself is probably terminated by a slightly early subsequent 
beat, but whether this is so cannot be determined as there is, of course, no 
standard by which to judge it. 

A small fraction of the integrated excitement would also be provided by a 
part of the rhythmic mechanism not closely linked with other parts. The 
closer this linkage the more would the integration approximate to a simple 
summation of the individual excitements. It is conceivable that all degrees 
of this linkage could exist between the different parts of a rhythmic centre, 
and in extreme cases of dissociation the diverse parts could be practically 
autonomous. The sharp transitions which occur in Series of observations on 
early spontaneous beats (Tables I, II, III, and IV) presumably depend on 
large parts of the rhythmic mechanism functioning as an indivisible unit. 

The refractoriness of the part of the pacemaker not fired off by early- 
premature-beats could arise in two ways:— 

1. By some of the constituent fibres of the pacemaker being in an absolutely 
refractory condition at the time of the premature beat, so that the impulse 
could only pass over part of the pacemaker and hence only fire off part of the 
rhythmic mechanism. 

2. By part of the rhythmic mechanism itself being in an absolutely refractory 
condition, so that it could not be fired off by the propagated impulse of the 
premature beat, even though this traversed the whole centre. 

On the available evidence it is not possible to decide between these alternative 
explanations, but the following arguments show that the second explanation 
is not so improbable as it might at first seem. 

(i) In a previous paper (p. 324) experimental evidence indicated that the 
rhythmic mechanism is not situated in the surface membranes of the fibres 
constituting the pacemaker, and it was suggested that the rhythmic mechanism 
might be analogous to the inner contractile mechanism of skeletal muscle 
fibres, which has been stimulated by G elf an and Gerard (1930) without setting 
up a propagated impulse in the surface membranes (Gelfan and Bishop, 1982). 
Moreover, excitation of this inner contractile mechanism may be propagated 
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without giving rise to any detectable action potential (Gelfan and Bishop, 
1933). However, it has not yot boen ascertained if this inner contractile 
mechanism has a characteristic refractory period analogous to that postulated 
in the above second alternative, though Gelfan's observation that stimulating 
currents of long duration may evoke twitch-like submaximal responses (1933) 
seems indirect evidence for the existence of a refractory period of the inner 
contractile mechanism. If the rhythmic mechanism is analogous to the inner 
contractile mechanism, it should be capable of direct excitation without 
setting up a propagated impulse. However, the relative diffuseness of the 
stimulating current in the present experiments would prevent this from being 
observed. 

(ii) According to the first alternative the propagated impulse of the early- 
premature-beat does not traverse some parts of the pacemaker, so these parts 
should not become refractory. But no such partial refractoriness has boon 
found after early-premature-beats (p. 356)—a state of affairs which would be 
expected according to the second alternative. 

(iii) Early-premature-beats are set up most readily when the refractory 
period following a propagated impulse is shortened either by stimulating the 
vagus (p. 354) or by a preceding premature beat (p. 358). This would be 
expected from the explanation of early-premature-beats in terms of a 
refractory condition of the pacemaker, if this refractory condition were 
loss shortened than the refractory period for the propagated impulse, i.e . 9 
two separate refractory periods in separate structures arc envisaged. 

The above discussions show thut the “ fractionation ” hypothesis provides 
a plausible explanation of the usual disturbances of rhythm produced by early- 
premature-beats, but in its present form it fails to explain the following experi¬ 
mental results:— 

(а) In a few experiments there was a transitional condition between hte- 
and early-premature-beata during which tho second premature beat cycle was 
much longer than the value predicted for late-premature-beats (p. 359). This 
condition may be explained when the lengthening of the late-premature-beat 
cycle (p. 348) is better understood. 

(б) In some experiments the early-premature-beat cycle has been so short 
that the sum of the curtailed normal cycle and the premature beat cycle has 
been less than a normal cycle (Tables I and II), t.e., owing to the early- 
premature-beat the rhythmic mechanism has set up a beat (the early-subsequent- 
beat) sooner than it otherwise would have done (c/. Drury and Brow, 1926). A 
wmilur condition has been observed when early-premature-beats curtail late- 
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premature-beat cycles, the sum of the curtailed premature beat cycle and the 
second premature beat cycle then being less than the first premature beat 
cycle alone (cf. p. 360, and Table III). In both these cycles the early- 
prematurc-beat has removed some factor which normally “ inhibits ” 
the production of a beat by the rhythmic mechanism. This 44 inhibitory ” 
factor is not due to the vagus, for it is observed in the absence 
of vagal action, and vagal inhibition is not affected by a normal 
beat or a premature beat (Brown and Eccles, 1934). Doubtless even when 
early-premature-beat cycles are not so short as those just considered, the 
removal of this “ inhibitory ” factor plays some part at least in shortening 
such cycles, i.c., in setting up the usual type of early-subsequcnt-beats. In 
fact, it is conceivable that removal of this 44 inhibitory ” factor constitutes the 
sole condition determining the setting up of early-subsequent-beats. 

Such an hypothesis would also seem to involve a fractionation of the rhythm 
centre by an early-premature-beat. 


Conclusions 

An attempt has been made to explain the production of early-subsequcnt- 
beats by assuming that early-premature-beats fire off only a fraction of the 
rhythmic mechanism of the pacemaker. Most of the disturbances of rhythm 
produced by early-premature-beats can bo explained by this fractionation 
hypothesis, but such explanations as we have attempted are intended merely 
to bo illustrative of the way in which such an hypothesis could be developed. 
The present hypothesis will be justified if it directs attention to the integrative 
character of the functional processes of a rhythmic centre. As yet we have no 
concepts of the processes subserving such an integration between diverse 
parts of a living tissue, but a similar condition forms the basis of s umma tion 
of central excitatory state existing in different parts of a nerve cell (Eccles 
and Sherrington, 1931, p. 604), and in other functional activities the parts 
of a living cell must be closely bound together by unknown processes of 
association. 

We wish to express our gratitude to Dr. It. S. Aitken for his generous and 
valuable help in rewriting these three papers. We also wish to thank the 
Christopher Welch Trustees for defraying the expense of the photographic 
plates, and one of us (J. C. E.) has to thank the Medical Research Council for 
a personal grant 
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III —Summary 

As a premature beat is set up with a progressively shorter curtailed cycle, the 
disturbance of rhythm produced by it passes through an abrupt transition 
from the lengthening of the premature beat cycle (characteristic of late- 
p re mature* beats) to a shortening of the premature beat cycle (characteristic 
of early-premature-beats). The early-subscquent-beats which terminate 
early-premature-beat cycles are in turn followed by subsequent cycles which 
are usually longer than normal cycles, but thereafter the normal rhythm is 
restored. 

An early subsequent beat cannot be explained simply as the response of a 
rhythmic centre which, owing to its refractory period, was not fired off by the 
early-premature-beat, the pacemaker itself behaving as with late-premature- 
beats. Many early-subsequent-beats actually appear to arise in the pacemaker, 
bo it is clear that the disturbance of rhythm produced by early-preraature- 
beats directly involves the pacemaker. 

Early-subsequent-beats have been most frequently Bet up when a late-pre- 
maturc-bcat cycle is greatly curtailed by a second premature beat, and for such 
conditions the effects of variations in lengths of the curtailed normal cycle and 
of the curtailed premature l)eat cycle have been investigated. 

In explaining the disturbances of rhythm produced by early-premature- 
beats it is assumed that there is an integration of the excitement present in 
the diverse parts of the pacemaker, and a beat is Bet up when this integrated 
excitement attains threshold intensity, there being then an immediate depres¬ 
sion of excitement. Further, it is assumed that normal beats and late-prematuxe- 
beats fire off the whole rhythmic meclianism of the pacemaker while early- 
premature-beats only fire off part, the remainder being refractory. In this 
unexcited fraction excitement is not depressed, but continues to increase, 
and so a subsequent beat iB set up earlier than after a latc-premature-beat. 

This provisional hypothesis is discussed in relation to the experimental 
evidence and it is found to explain many of the disturbances of rhythm produced 
by early-premature-beats, but certain observations have presented difficulties. 
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The Oxygen to Iron Ratio of Oxychlorocruorin and the Toted Quantity 
of Oxygen carried by the Pigment in Spirographis. 

By H. Munro Fox, Professor of Zoology in the University of Birmingham. 

(Communicated by J. Stanley Gardiner, F.R.S.—Received March 24, 1934) 


1. The Ratio of Oxygen to Iron in Oxychlorocruorin 

There exist four respiratory pigments capable of uniting with oxygen in 
such u manner that the oxygen ia given up to a vacuum. Of these four ( 
hamoglobin lias a wide distribution in vertebrate and invertebrate animals 
(Redfield, 1933), chlorocruorin is found only in certain polychaete worms 
(Fox, 1926, 1932, 1933), lisemerythrin in sipunculid worms (Florkin, 1933) 
and beemocyanin in arthropods and molluscs (Redfield, 1934). The first 
three pigments named contain iron in the molecule, whilo the last has copper. 
Since the work of Fetera (1912) it has been known that in oxyheomoglobin one 
moleculo of labile oxygen is united to one atom of iron. For oxyh»mocyanin 
Dh&6 (1916, 1919) first showed the approximate proportionality between 
the oxygen and copper contents, and later Bcgcmaun (1924), Redfield, Coolidge, 
and Montgomery (1928) and Guillemet and Gosselin (1932) established the 
ratio of one molecule of labile oxygen to two atoms of copper. For oxy- 
haemerythxin it has recently been shown by Florkin (1933) that one molecule 
of oxygen is united to three atoms of iron. Up to the present, however, the 
ratio of oxygen to iron in oxychlorocruorin has not been known, and the work 
reported below was undertaken to settle this question. The quantity of iron 
present in the blood of Spirographis spoUancanii , both combined with chloro- 
cruorin and free, has been analysed, and, the total oxygen capacity of the blood 
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being known, the oxygen to iron ratio of oxychlorocruorin has been deter¬ 
mined. 

For iron analysis pure undiluted blood was extractod from the crown* of 
Spirographis at the Tamaris Marine Biological Station.t The technique 
already described (Roche and Fox, 1933) was used for obtaining the blood, 
with this difference, that the crown was amputated by means of a glass cover- 
slip so that no iron instrument came into contact with the blood. Eight 
measured specimens (0-2 cc each) of blood, each derived from several indi¬ 
vidual worms, were diluted with distilled water and sealed in test tubes. 

The iron estimations were made subsequently in Birmingham by the 
dipyritlyl colorimetric method of Hill (1930). Hydrogen peroxide was first 
used to liberate the iron from the chlorocruorin and at the same time to render 
the solution colourless (Hill and Keilin, 1933). The method was found to be 
improved by heating the contents of the experimental test tubes in a water 
bath after adding the hydrogen peroxide and again after adding the hydro- 
sulphite, and then waiting an hour before matching the colours with the 
standards. 

Six iron estimations were made on each specimen of blood. The mean 
values for the iron contents of the eight blood specimens were as follows : 
5-3, 5*1, 4*5, 4-6, 5*4, 4-6, 4*9, and 4*9 X 10“ 3 gram-atoms Fo per litre. 
The mean of theso values is 4*9 X 10~ 3 . The differences between the values 
for the separate blood specimens am doubtless due in part to experimental 
errors, but they may probably be caused iu part also by differences in the 
chlorocruorin content of the bloods of individual worms. Much greater 
differences than would be required to account for the divergencies in the iron 
values found for Spirographis are known to occur in the hromoglobin content 
of the blood of individuals of another polyehoete, Arenicola , in which the total 
oxygen capacity, and therefore the haemoglobin content, varies from 5*7 
to 8*7 volumes per cent (Fox, 1926). 

The iron present in the blood of Spirographis is partly combined in chloro- 
oruorin and partly free. The next step in the investigation was to determine 
what proportion of the iron is free. This was done as follows. Sodium 
hydrosulphite devoid of iron impurity was added to known dilutions of 
Spirographis blood, with the result that the chlorocruorin was precipitated 

* The word 41 crown ” is used here for the so-called gills, which morphologically are 
palps. 

f My best thanks are due to Professor H. Cardot* Director of the Station, for his hospitality 
and help. 
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and at the flame time the free iron was reduced to the ferrous state. After 
centrifuging to separate the precipitate, ocot-dipyridyl crystals were added and 
the resulting pink solution was matched with solutions of ferrous iron of known 
concentrations containing dipyridyl. The mean value obtained in this way 
for the free iron in Sptrographis blood was 5 X 10~* gram-atoms per litre. 
The freo iron is thus only 1% of the chlorocruorin iron, and this allows the 
total iron content of the blood given above to be taken as equal to the chloro¬ 
cruorin iron. 

Spirographis blood saturated with oxygen at atmospheric pressure contains 
102 co of oxygen per litre combined as oxyohlorocruorin (Fox, 1926); that is, 
4‘6 x 10" a gram-molecules O a per litre. The mean iron content of the chloro¬ 
cruorin in the eight blood specimens analysed was 4*9 X 10 -3 gram-atoms 
per litre. The ratio of the number of molecules of oxygen to atoms of iron 
in oxychlorocruorin is thus 4 *6/4-9 =* 0*94. Allowing for experimental 
error, this may bo taken as unity, one molecule of labile oxygen corresponding 
to one atom of iron as in hemoglobin. 

The fact that the proportion of iron to oxygen was found to be higher in 
oxychlorocruorin than it Bhould have been if the ratio were really unity may, 
however, not be duo to experimental error but to the presence in the blood 
of a certain amount of metachlorocruorin or other derivative of the pigment. 
None such was detected spectroscopically in Spirographis, but the blood of 
some young specimens, 5 cm and less in length, of Bispira volulicomis, another 
large sabellid, is brown, not green. This brown colour is due to an admixture 
with the oxychlorocruorin of a pigment having a strong narrow absorption 
band at 661 mp. Addition of sodium hydrosulphite does not alter this band. 
Addition of pyridine gives two a-bands of haemochroinogen at 582 and 567 mg. 
respectively. The first of these is derived from chlorocruorin, the second 
coincides with the pyridine-hsemochromogen of hemoglobin. This presence 
of a hemoglobin derivative in blood containing chlorocruorin is remarkable 
in itself. The hemoglobin derivative is not visible in the blood of larger 
Bisp&ra. 

While the ratio of oxygen to iron is the same in oxychlorocruorin as in 
oxyhemoglobin, chlorocruorin has a higher proportion of iron to other elements 
in its molecule than has hemoglobin (Roche and Fox, 1933). Chlorooruorin 
may thus be regarded as the better transporter of oxygen. The lack of success 
of chlorocruorin in evolution, in spite of this superiority, may perhaps be due 
in part to its high molecular weight (Svedberg, 1933) preventing it from enter¬ 
ing blood corpuscles. 
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2. The Total Amount of Oxygen Carried by Chlorocruorin in 
Spixographis 

The total quantity of chlorocruorin in individuals of Spirographis was 
determined as follows. In each experiment undiluted blood was extracted 
from the crowns of several large individuals by the method previously described 
(Roche and Fox, 1^33). Of this blood, exactly 0*097 cc was diluted to 8 oc 
with distilled water. To 2 cc of the diluted blood, 15 cc acetone containing 
0-3 cc N HC1 was added. After centrifuging, the volume of the resulting clear 
light brown solution (a) of chlorocruorohajmatin was measured.* 

Next, a single worm was weighed, after which it was out up with scissors, 
the fragments ground with sand, water added, and the suspension centrifuged. 
The volume of the liquid from the centrifuge tube, which contained the total 
blood of the worm, was measured. Then 2 cc of this liquid was added to 15 co 
acetone containing 0*3 cc N HC1. As before, the resulting solution ( b ) of 
chlorocruorohffimatin was centrifuged and its final volume measured. 

After the relative concentrations of h&raatin in the two acetone extracts 
(a and b) had been determined with a colorimeter, the necessary data were 
available for calculating the total quantity of chlorocruorin in the worm in 
terms of the quantity in 0 097 co of blood. But 0*097 cc of blood contain 
4-7 X 10“ 7 gram-atoms of chlorocruorin iron, since, os shown above, the blood 
contains 4-9 X 10 -3 gram-atoms of iron per litre. Thus the total quantity of 
chlorocruorin iron in each worm could be directly deduced. The results of 
the investigation of 11 worms are given in Table I. 

Table I—Chlorocruorin Content of the Blood of Individuals of Spirographis . 



Wet weight! of 

Total chlorocruorin 

Chlorocruorin iron 

No. of worm 

worm, grams 

iron, 

per gram worm, 
gram-atoms X 10“ ? 


gram-atom# x 10-* 

1 

21 

0*6 

2*0 

2 

3-2 

0*9 

2*8 

3 

3-8 

1*6 

4-2 

4 

41 

1-3 

3*2 

5 

4-9 

l*fl 

3*1 

6 

fi-1 

1-7 

3*3 

7 

5-6 

1*2 

21 

S 

6*6 

1*6 

2*7 

e 

6*4 

1*5 

2 4 

10 

8*0 

3*2 

4*0 

u 

8*1 

2*1 

2 6 



Mean 

. 30 


t la Spirographu the mesa ratio of wet weight : dry weight: volume is 1 : 0*27 : 0*94. 

* It waa first attempted to extract the hem a tin in alcohol and ether, but, probably 
owing to impurities in the ether, the colour of the extracts faded rapidly. 
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The Oxygen to Iron Ratio of Ozycklorooruorin. 

It is probable that the values for iron given in Table I are a little too high, 
for the following reason. Acetone added to the liquid obtained by centrifuging 
the suspension in water of the ground-up worm dissolves not only the chloro- 
cruorohsematin but also a certain amount of other pigments from the tissues 
of the worm. As a result, the acetone extract from the worm is of a slightly 
yellower brown than that from the whole blood. This must involve a small 
but indeterminable error in the colorimeter readings. 

It will be noticed that the figures in Table I for the chlorocruorin iron per 
gram of worm vary considerably. In all probability this variation is not due 
to experimental error alone, but is in part real. In order to determine the 
experimental error of the method, a series of six separate acetone extractions 
was made from one and the same watery solution resulting from centrifuging 
the suspension in water of a single ground-up worm. These parallel samples 
gave values for the chlorocruorin content of the worm of which the highest 
was only 1-15 times the lowest. Yet the highest figure in the last column of 
Table I is twice the lowest figure. Such variations in the chlorocruorin content 
of the blood of different individuals would, as pointed out above, not be 
unexpected. 

The quantity of oxygen which the total amount of chlorocruorin in the 
blood of an individual Spirographis could carry can now be deduced. As 
Bhown in Table I, the moan content of chlorocruorin iron per gram of worm 
(wet weight) is 3 0 x 10“ 7 gram atoms. This means that a worm weighing 
1 gram possesses in its blood a quantity of chlorocruorin which could bind 
3-0 X 10“ 7 gram-molecules of oxygen. But the chlorocruorin in Spirographis 
blood in equilibrium with air at 17° C* is only 90% saturated with oxygen 
(Fox, 1926). Therefore the worm weighing 1 gram could carry 2-7 X 10“ 7 
gram molecules, or 6-0 emm, of oxygen attached to its chlorocruorin. 


4. Summary 

(1) One molecule of labile oxygen in oxychlorooruorin corresponds to one 
atom of iron. In this ratio of oxygen to metal, chlorocruorin resembles 
hemoglobin and differs from hemocyanin and hsemerythrin. 

(2) The total chlorocruorin content of Spirographis blood and the quantity 
of oxygen which the blood can carry have been determined. 

* By an oversight this temperature was omitted from my paper of 1920. 
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The Decomposition of Sodium Formate by Bacterium coli in the 
presence of Heavy Water 

By A. Fabkas, L. Farkas, and J. Yudkin (Bonn W. Levy Research Student), 
The Colloid Science and Biochemical Laboratories, Cambridge University 

(Communicated by Erie K. Rideal, F.R.S. Received April 16, 1934) 

Since the discovery of the heavy hydrogen isotope, it was realized that this 
might prove very useful for the investigation of the mechanism of chemical 
and biological reactions. 

As a simple reaction of a biological nature, we have chosen the decomposition 
of sodium formate by the enzyme hydrogenlyase of Bacterium coli (see Stephen- 
son and Stdckland, 1932). 

The mechanism of the decomposition of the formate generally accepted has 
been 

HCOONa + H,0 ^ HCOOH + NaOH (1) 

HCOOH - H, + CO, (2) 

Since both formate and water are involved in this reaction, it was thought that 
some idea of the mode of decomposition of the formate could be gained by a 
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study of the isotopio composition of the evolved hydrogen in the presence of 
varying amounts of heavy water. 

If the reactions (1) and (2) were the only ones involved then, by replacing 
normal water by heavy water, the reactions 

HCOO Na + D a O ^ HCOOD + NaOD (1a) 

HCOOD ^ HD + CO, (2a) 

would result, i.e., only the acid — H — atom of the formate could be exchanged 
for D. 

Thus the D-content of the evolved gas can never exceed half that of the 
water, also D f molecules should not be evolved. 

To examine whether exchange between the carbon linked H of the formate 
and the D of the heavy water takes place, the following experiment was made : 
0*6 gm HCOONa and 0*05 gm of water containing 37% D were mixed at room 
temperature, and after five hours the water was distilled off from the salt and 
its D-contcnt re-determined. It was found that no appreciable change had 
taken place, thus the H atom of the HCOO ion is not replaced by D by dissolv¬ 
ing formate in heavy water. This result is in agreement with the experiments 
of Bonhoeffer and Brown (1933) and Bonhoeffer and Klar (1934), which showed 
that the carbon-linked hydrogen atoms of organic compounds are not replaced 
by heavy hydrogen in solution, provided catalysts are absent. 

The analysis was carried out by the methods described in a previous 
communication (Farkas, 1934), using a micro thermo-conductivity method for 
the determination of the D-oontent of the hydrogen gas. If water was to 
be analysed, it was decomposed on a hot tungsten wire into hydrogen and 
tungstic oxide, and the D-content of the resulting gas analysed by the micro 
method. 

To gain some information about the mechanism of the mode of decomposition 
of the formate, throe sets of experiments were carried out:— 

(1) The enzymatic decomposition of sodium formate in the presence of 
different amounts of heavy water. 

(2) The catalysis of the reaction H t O + HD f=* HOD + H, by the enzymes 
present in suspensions of Bad . coli . 

(3) The decomposition of formic acid by palladium black in the presence of 
heavy water, to compare the action of the enzyme with that of 
palladium. 
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For the experiments (1) and (2) the Boot, cdi was grown on a tryptic digest 
of caseinogen containing 0*5% formate in a flask, and from this a washed 
suspension was made (see Yudkin, 1932). The bacteria were dried as 
thoroughly as possible by pouring off the water after centrifugation, in order 
to avoid excessive dilution of the heavy water, when the bacteria were put in 
the sodium formate heavy water solution. 

The enzymatic decomposition of the sodium formate in heavy water was 
carried out in the following way : 0*1 cc M/20 phosphate buffer of 7 and 
0-1 cc M/10 sodium formate were placed in a tube, and dried by evaporation. 
Then about 0*3 co of water of known D-content and about 0*05 cc of the 
nearly dry bacterial suspension were added. The tube was cooled to 0° C and 
evacuated. It was then wanned to 38-40° C for some hours, during which 
time 0-1-0*2 cc of gas at (N.T.P.) were evolved, exerting a few millimetres 
pressure in the tube. 

The D-content of the evolved hydrogen was measured several times, and 
finally the D-content of the water was determined in order to estimate the 
dilution of the original water caused by the addition of the bacterial suspension. 

In order to test the method in the first experiment, sodium formate was 
decomposed by the bacteria in presence of normal water. After the carbon 
dioxide and water had been frozen out by means of liquid air, the evolved gas 
was found to consist of pure hydrogen and contained no uncondensible 
impurities. Table I shows the results obtained in heavy water of different 
D-content. 

Table I 


1) content of tho 

D content of tho 

(H/D) glut 

IT 

water in % 

gas in % 

(H/D) water 


0 

0 

— 

— 

10*5 

6-5 

3-5 

3*71 

25 0 

10-0 

3*0 

.run 

30-7 

12*5 

31 

319 

77-5 

49*1 

3*5 

4-00 


Mean 

.... 3-3 

3*50 


The expression given in the third column is the ratio of the relative concentra¬ 
tions of hydrogen and diplogen in the gas and in the water, i.e., for the first 
experiment:— 


93-5 

6*5 


§^ =3 . 5 , 

19-5 


This magnitude is characteristic for the isotopic composition of the gas, being 
nearly independent of the concentration of H and D in the water, and is, as 
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we shall have occasion to observe, approximately the equilibrium constant of 
the reaction:— 

HgOdiq.) + HD ^ HOD(u q .) + H t (3)* 

A more detailed analysis of the hydrogen evolved with regard to its composition 
in respect to the three different molecular species, H„ HD and D t (Zoo. oil.), 
showed that these three constituents were always present in their equilibrium 
concentration, ».e., according to the equation 

TT _ [HD]* 

1 ISM’ () 

K x being the equilibrium constant equal to 3*28 at 40° C (see Urey and 
Rittenberg, 1933). 

Thus the reaction schemes indicated by equations (1 a) and (2 a) must be 
rejected since neither of the anticipated results are fulfilled. 

To investigate the effect of Bad. colt on the pure exchange reaction of 
equation (3), the evolved hydrogen diplogen mixture ( e.g containing 12 % D) 
was left in contact with the water from which it had been liberated (e.g., 
containing 30-7 % D) in the presence of bacteria. In this experiment, even 
after a day, no change whatever in the isotopic composition of the gas occurred. 
In another series of experiments, normal water was left in contact with 
hydrogen containing about 30% D in presence of bacteria (without addition 
of formate and buffer solution), when in a few hours the hydrogen in the gas 
was completelyt replaced by ordinary hydrogen, for certain concentrations of 
heavy water give a gas with more than half the amount of D present in 
the water, while D, molecules are also found, according to the reaction.^ 
In the third series of experiments, the bacteria were replaced by 
palladium black, and it was found that the decomposition of the formate 
and the reaction (3) took place in exactly the same way as with bacteria. 
If, e.g, 9 0-3 cc water, containing 35 % D and 1 % formic acid, was decom¬ 
posed by palladium black at 40° C, the hydrogen evolved contained 12 % D 
and the composition of the gas did not change when left in contact with the 
water in the presence of palladium black. On the other hand, starting with 
water containing 27 % D and ordinary hydrogen, the D content of the gas 

• See Table 1, column 4. 

t This replacement of heavy hydrogen was complete, as the amount of heavy hydrogen 
present in the gas was negligibly small compand with the amount of ordinary hydrogen 
present in the water. 

\ These reactions do not oocur in the absenoo of bacteria. 
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now gradually reached 10%, owing to the catalysis of the reaction (3) by 
palladium black (see Horiuti and Polanyi, 1933). 

Discussion 

The second series of experiments, t.e., the catalysis of the hydrogen-water 
exchange reaction by the enzyme indicates definitely that the hydrogen 
evolved by the decomposition of formate, with regard to its D-content, is in 
equilibrium with the water from which it was liberated. This is obvious from 
the fact that the D-content of the evolved hydrogen did not change in contact 
with the water in presence of Bad. coli, although hydrogen containing about 
27% D was readily transformed into ordinary hydrogen when in contact with 
ordinary water, in the presence of Bad . coli. Exactly the same observations 
were made for the decomposition of the formate by palladium—for example, 
hydrogen containing 12% D is in equilibrium with water containing 35?/^ D. 

The conditions of equilibrium between the different hydrogens and the 
different kinds of water are determined by the following equations :— 


H, H- D a ^ 2 HD 

K - tHD]« 

‘ [HJ [D a l 

(4) 

H a O + D a O ^ 2 HOD 

K |HOD] a 

* [H a OJ LD a O] 

(6) 

H a O + HD ^ HOD + H a 

Y THODI |H.l 

' [H a O] LHD] 

(3)* 


was calculated theoretically by Urey and Rittenberg (1933) to be 3-28 
at 20° C, which value was confirmed by the experiments of A. and L. Farkas 
(1933, 1934), and of Rittenberg, Bleukney and Urey (1934). 

K f has not yet been determined, but to a first approximation it will not 
differ much from K r 

K a was determined by Bonhoeffer und Rummel (1934), and found to be 
about 3. 

Putting Kj = 4 and introducing the H and D content of the gas— 

H*u, = [H a ] + i [HD] and D^ = [D 8 ] + \ [1ID] 
and the corresponding equations for water, we obtain the values for K a given 

* The equilibria in all other exchange reactions between water and hydrogen, e.g., 
H a 0 + Dj ^ D a O + H a , can be derived from those three equilibria. The exchange 
reaction (3) proceeds according to Horiuti and Polanyi (1034) by the ionization of the 
hydrogen atoms formed on the surfaoe of the catalyst. 
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in Table I, column 4. It will be seen that these do not differ sensibly from 
the ratio (H/D)g„/(H/D) water, and are in good agreement with the value 
obtained by Bonhceffer and Rumrael. The experiment on the hydrogen-water 
exchange with palladium black gives K s = 3*58. 

With regard to the mechanism of the decomposition of formate by Bad. ooli, 
one can state that the process involves atomic reactions, i.e. t reactions 
between atoms or radicals formed by the action of the enzyme on the formate 
and water, since the equilibria (3), (4), and (5) cannot be attained by reactions 
between the molecules D 2 , HD, H a O, D t O, HOD (Rutherford and others, 
1934 ; A. and L. Farkas, 1933). 

It is difficult to formulate the special reactions involved in the decomposition, 

but to illustrate the state of affairs we might choose one example from a 

number of different possibilities :— 

HCOO~ + HOD : n J?Z HCOO + D + HO~ (7) 

HCOO H + C0 2 (8) 

That H and D-atoms are actually involved in the decomposition of formate 
by palladium black is fairly certain, since it is known that on the surface of 
palladium the hydrogen is really present in atomic form. It is very likely 
that the decomposition of formate in both reactions involves the same inter¬ 
mediate products, although the enzyme might induce the first step—production 
of the radicals and atoms in a way different from palladium block. 

It must be emphasized that the difference in the D-content of the hydrogen 
evolved, compared with the D-content of the water, is not due to a difference 
in velocities of reactions involving light and heavy water, but to the position 
of the equilibrium in equation (3), and this equilibrium plays an important role 
so far not considered in the preferential liberation of light hydrogen in the 
well-known electrolytic and chemical methods of separation. 


Summary 

m 

The isotopic composition of the hydrogen evolved from mixtures of heavy 
and ordinary waters with sodium formate by the action of the hydrogenlyase 
in Bacterium coli has been analysed. It is found that the composition of the 
liberated hydrogen is determined by the equilibria H t -f D t = 2 HD and 
H a O + HD ^ HOD + H r We must therefore conclude that the decompoai- 
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tion of the formate by the enzyme hydrogenlyase of Bad. coli occurs through 
atomic reactions, that the establishment of these equilibria between 
molecular hydrogen and water is catalysed by the B. coli , and that the 
primary formed H and D atoms exchange with the H and D atoms of the 
water before combining to form hydrogen molecules. 

It is shown that palladium black behaves in a similar manner, and the 
importance of this equilibrium in the preferential liberation of light hydrogen 
in electrolytic and chemical reactions is emphasized. 
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Unco-ordinated Contractions caused by Egg White and by alterations 
in the Cation ratio of the Medium in the Heart of the Chick 
embryo in vitro 

By P. D. F. Murray, Royal Society SmithBon Research Fellow 

(From tho St range ways Research Laboratory, Cambridge) 
(Communicated by Sir Henry Dale, Seo. R.S.—Received April 23, 1934) 

Introduction 

In May, 1932, some experiments were made in which fragments of chick 
embryos in primitive streak stages were explanted into crude white of egg as 
culture medium. The object was to study hematopoiesis, which occurred in 
these explants (Murray, 1933). Only two of the cultures interest us here. 
Both were derived from embryos having pear-shaped area pellndda 2 with 
primitive streaks but no head processes and each consisted of that part of the 
area pettucida of one side which lies opposite the posterior half or three-quarters 
of the primitive streak. Both cultures survived in the egg white and in each 
there was discovered, after two and five days incubation respectively, an area 
which contained actively contracting cells. The contractions were of small 
amplitude and there was no co-ordination between the cells. This activity 
persisted in one culture for 36 days. 

It was necessary to have some name by which this anarchic contractility 
could be designated ; it resembled fibrillation, at least superficially, but it was 
thought best to avoid this term as the present phenomenon might prove 
entirely unconnected with fibrillation. The word “twitter,” used as noun 
and verb, described the appearance rather well, and I have adopted it as a 
provisional name for this kind of activity. 

The contracting cells undoubtedly represented the cardiac ardagen, which 
had undergone a degree of differentiation in vitro ; the site of origin of the 
explants was such as might cause one to expect the occasional inclusion of the 
antage of tho heart, and similar explants, cultivated in plasma and embryo 
extract, frequently show differentiation of contracting areas, but in such 
explants the contractions are of quite a different character, being fully co¬ 
ordinated pulsations. It was evident that egg white had in some way changed 
the character of the beat of heart cells so that the normal co-ordination was 
absent and the contractions were anarchic. 
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No further investigation was made for twelve months. The cause of this 
effect of egg white was then investigated and the results obtained form the 
subject of this paper. 


Methods 

The technical methods used were essentially those of ordinary tissue 
culture. The explants were always cultivated as hanging drop preparations 
on cover-glasses. Except where the contrary is stated, embryo extract was 
not used in the media. Its function in ordinary tissue culture is to encourage 
growth, and in the present experiments growth was not desired but was rather 
to be avoided, as bringing with it dedifferentiation and loss of muscular con¬ 
tractility. Traces of embryo extract were, nevertheless, present in all media 
containing plasma, some small implement being dipped in the extract and 
then used to stir the plasma, to make it clot. 

The principal difference from the ordinary methods of tissue culture was that 
the media were never changed, except in experiment 7. There were two 
reasons for this : firstly, it was unnecessary, as both the co-ordinate beat and 
twittering could be maintained for long periods (up to six weeks) without any 
change of medium, and secondly changing the medium tends to promote 
growth, which was to be avoided for the reasons given. 


Table I—Solutions used—grams per cent 


Designation 

NaCl 

KC1 

CttClg OHjU 

MgCl s OHgO 

Osmotio 

prewiin* 

calculated 

as 

Electro¬ 

metric 

Ordinary Pannett 
and Comptons' 
solution .. 

048 

000 

0 03 

0*05 

equivalent 

to 

% NaCl 

0*50 

PH 

7*63 

PC (0-70) .. . 

0-68 

0 00 

003 

0-05 

0-70 

— 

SftlKW .. 

03 

0*252 

0*03 

0*074 

0*54 

7*06 

PC NaCl 0*3% . 

0*3 

006 

003 

0*05 

0*38 

— 

PC (0-352) .. 

0-3 

0-04 

0*02 

003 

0*352 

— 

PC (0*580) 

0-525 

0*040 

0*023 

0*039 

0*580 

— 


Table I shows the composition of the principal saline media used. All 
salines contained the phosphate buffer used in Pannett and Comptons’ solution 
(1924). The determinations of p a were electrometric, made with a quin- 
hydrone electrode. All osmotic pressures are given, in table and text, in 
terms of osmotically equivalent solutions of NaCl; experimental determina¬ 
tions were not made, the figures given being calculated; the calculations 
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assume complete dissociation of the salts and neglect the osmotic pressure of 
the phosphate buffer. The slight dilution of the solutions by the water of 
crystallisation in CaCl a , 6H,0 and MgCl a , 6H a O is also neglected. 


Pabt 1—Thb Differentiation of Cabdiac Anlagkn in Ego White 

The embryos from which explanta were taken were, in this section, always 
in primitive streak to early head fold stages. The material explanted was 
not in all respects similar in all experiments, but always contained the cardiac 
anlagen. The differences were in size of explant; sometimes the entire area 
peUudda was explanted, at others only the anterior half or large parts of this. 
It was found that if the oxplants were too small they were unable to survive 
in the egg white, but if they were large enough to form vesicles survival usually 
occurred. Explants below the minimal viable size are excluded from the 
present account. 

The egg white used as medium was always the more fluid white of the egg ; 
the more viscous white being more difficult to handle. When egg white was 
taken from incubated eggs, fertile eggs were used. 

Experiments 1-6—In these experiments the media were: egg white from 
fresh eggs (14 explants), from eggs incubated overnight (21 explants), from 
eggs incubated for two days (9 explants), from four-day eggs (13 explants)» 
and from five-day eggs (8 explants). In addition, thirteen explants were 
made in plasma and embryo extract to serve as controls. 

All the control explants survived and in four there appeared an area of 
cells pulsating rhythmically and in co-ordination. In egg white from fresh 
eggs, or from eggs incubated for less than four days, the cxplants showed 
themselves able to survive and, at least in overnight and two-day egg white, 
to undergo a degree of early differentiation, forming brain, spinal cord, somites, 
blood, etc., but no contracting cells appeared. But in three explants in egg 
white from four-day eggs, and in six in egg white from five-day eggs there 
appeared areas of twittering cells. Co-ordinate beating never appeared in 
egg white. 

The following was the course of events in those explants in which twittering 
areas appeared : after 24 hours the explants had become vesicular, the walls 
of the vesicle being in appearance epithelial. The vesicles contained fluid, 
and generally opaque masses could be seen inside, while, especially when the 
entire arm pdlucida was explanted, differentiation might occur, halting at 
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about the stage of a two-day embryo. When contracting tissue appeared 
it seemed to form part of, or else to lie just below, the wall of the vesicle. The 
amplitude of movement was very small and the contracting area was usually, 
especially at first, very restricted, so that careful search was necessary for its 
discovery. 

Twittering was usually discovered at two days after explantation; it may 
nevertheless have been present before this os the cultures were left undisturbed 
on the day after explantation in order to avoid detachment of the still loosely 
attached explants from the cover-slip. It often commenced later, and once not 
until 12 days after explantation. The length of time during which contractile 
activity was maintained varied considerably, ranging from only one day in 
four cultures to 18 days in one and 12 in another. 

In the longer surviving explants of the two in the original observation, 
survival and continuation of twittering was very long, 36 days, and the culture 
spread as a whole over the cover-slip so that the contracting cells could easily 
be studied. In the later experiments such complete spreading never occurred, 
the great bulk of each explant remaining intact in the centre, being surrounded 
only by a very thin zone of migration oomposed mainly of flat epithelial cells. 
The twittering tissue always remained in the central, organized zone, where 
it could be seen only with some difficulty and where it was quite unsuitably 
placed for detailed study. 

For the proposed investigation of the cause of twittering some other material 
was required, which would provide greater quantities of twittering tissue and 
which would arrange itself in a manner more suitable for the study of the active 
cells. Such material was found in the entire hearts of two to three day embryos, 
having from 20 to 40 somites. At tliis period the heart has already been 
beating for some time, and has the form of a bent tube, the bend being in the 
ventricle, and the convex side being the future apical side of the ventricle. 
The atria are present as two pouches which arc relatively larger in the older 
than in the younger embryos. The a trio-ventricular canal is a constriction 
between the atria and the ventricle, while the conus is a comparatively narrow 
tube continuing the arterial end of the ventricle. The ventricular wall is 
little thickened in the younger embryos but in the later part of the period its 
convex aide has undergone considerable muscular elaboration. Needham’s 
“ Chemical Embryology,” fig. 90, p. 645, contains excellent illustrations of 
stages in the development of the heart; the stages used in the present 
work range from that represented by the figure 2*0 to that shown by the 
figure 3*2. 
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Past 2 —The Effect of Ego White on the Entire Hearts of 2-3 Day 

Embryos 

Id all the experiments of this section the technique was as follows: the 
medium was the more fluid part of the egg white from fertile eggs incubated 
for the desired period. The hearts to bo explanted were dissected from the 
embryos in NaCl 0-75% or in Pannett and Comptons 1 saline solution, and 
explanted into the egg white as a hanging drop preparation in the usual manner. 

Experiment 6—The medium was egg white from a fertile egg incubated for 
two days: eight explants were made. The co-ordinate beat stopped im¬ 
mediately in all the explants, and it may here be finally stated, that the co¬ 
ordinate beat always stopped at once when the medium was pure egg white. 

Most of the explants became distinctly unhealthy with many cells rounded 
up and dead ; it is probable that some explants died completely. All explants 
remained motionless, with one exception, in which twittering occurred and 
continued for 18 days. It is probable that the entire heart was never active. 
It is not known why this one heart should have behaved in so satisfactory 
a manner while all the other seven remained motionless. 

Experiment 7—The medium was egg white from fertile eggs incubated for 
four days. Twenty-three explants were made. In a small number of explants 
the medium was, at six days after explantation, removed and replaced with 
fresh; this seemed to have no particular effect, either good or bad, and in all 
other experiments the medium has been left unchanged. 

Twitter was observed in 13 explants, but the number in which it actually 
oocurrcd was probably larger as, owing to illness, the behaviour of the explants 
could not be as thoroughly studied as was desired. This figure should therefore 
be regarded as a minimum. One explant twittered for each of the periods 
29, 22, 19 days, two for 14 days, three for 11 days, two for 9 days, and the 
remainder for shorter periods. 

In this experiment, and also in the single instance of twittering observed in 
experiment 6, twittering frequently occurred with great activity while the 
explants spread into relatively thin sheets over the cover-glass. In such cases 
there was always a thicker central region in whioh movement was absent or 
not very active and this was surrounded by a zone of migration, composed in 
its inner region of several layers of cells forming a network and more peri¬ 
pherally of a very flat sheet of cells lining the cover-glass. The inner, thicker 
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part of the zone of migration was the seat of most active movement, the 
flattened cells of the peripheral zone being usually stationary, though in the 
more active explants even some of these were found, by careful examination, 
to be malring contractions of small amplitude. 

Experiment 8 —The medium was egg white from a fertile egg incubated for 
five days. Fifteen explants were made. All cxplants were examined on the 
day of explantation at about one to three or four hours after the operation, 
again on each of the two following days, and on succeeding days somewhat less 
frequently. Twittering was seen on the day of cxplantation in all cultures 
except three, in eleven on the second day and in seven on the third day. 
Twittering continued in one culture for 35 days, in two for 31 days, in three 
for 20 days, in one for 6 days, in three and probably four for 2 days, and in 
four for only 1 day. 

On the day of explantation, twittering was in four cultures generally dis¬ 
tributed and not confined to any particular region of the heart; in three the 
heart was stationary. In the remaining eight there was no movement in the 
conus but varying amounts of twittering in the sino-atrial and ventricular 
regions. On the second day there was twittering in 11 hearts and in 7 of these 
the activity was generally distributed over the heart. In one other heart 
twittering was nearly general, but the convex (apical) side of the ventricle was 
stationary. Of the remaining three, one was twittering in the sino-atrial 
region and part of the ventricle, one in the sino-atrial region, and one had 
slight movements in the conus. The four remaining hearts were stationary. 
On both the third and fourth days seven explants were twittering, and in all 
the twitter was generally distributed over the heart. 

From these facts it may be seen that egg white can cause twittering in all 
parts of the heart, but from observations made on the first and second days, 
that it does so most readily in the sino-atrial and ventricular regions, less 
readily in the conus. 

The frequency of contraction in twittering was always greatest in the sino¬ 
atrial region and least in the conus. 

Variation in the Effect of Egg White according to Age 

The experiments with hearts from 2-3 day embryos agree with those in 
which fragments of younger embryos were used, in indicating that the egg 
white from five-day eggs produces twittering more readily than that from fresh 
eggs or from eggs incubated for only two days instead of five. 
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Pabt 3— Thh Cause or Twittering in Egg White 

Twittering in egg white might be caused by pa, by the rather low osmotic 
pressure of egg white, by some chemical factor present in egg white, or by the 
absence from egg white of some substance necessary for the maintenance of 
the normal beat. 

1~Ph 

The p a of the ordinary tissue culture medium (plasma and embryo extract) 
is about 7*5; in such a medium co-ordinate beat is maintained and there is 
no twittering. The available measurements of the p u of egg white do not 
indicate any very great difference from this value. There is general agree¬ 
ment among the authors that the p a of egg white falls during development, 
being, according to Aggazzotti a little over 7*5 at five days, according to 
Vladimirov about one unit higher, while following Buytendijk and Woerdemann 
that of the less viscous component (falling faster than that of the more viscous) 
would be 8*0, or perhaps a little over. These facts are in themselves sufficient 
to exclude pa as a cause of twittering in egg white (data from Needham). 

2 —Osmotic Pressure 

Bialascewicz, Rice and Young (both references from Needham), Bateman 
(1932), and Hale (1933) have obtained values of the depression of the freezing 
point of egg white ranging from about —0*450° C at four days, and —0*440° C 
at six days for the first author to between —0 • 42° C and 0 ■ 41° C for the last (unin- 
cubated eggs). This last figure is equivalent to a concentration of NaCl of about 
0 *71%. During incubation osmotic pressure rises; hence it is very improbable 
that, at four or five days, it is as low as 0*71% NaCl. In spite of this, however, 
the osmotic pressure of pure egg white is considerably below that of a plasma 
and embryo extract clot. I have accepted equivalence with 0*71% NaCl at 
the osmotio pressure of egg white at four or five days because it can safely 
be regarded as a minimum. If normal media having an osmotic pressure at 
this level maintain the co-ordinate beat and do not cause twittering, hypo- 
tonicity can be excluded from the possible causes of twittering in egg white. 

It may be noted that the tonicity of 0*71% NaCl is little below that of 
0 • 70% NaCl, which is normal saline and does not cause twittering. 

Experiment 9—Seven hearts of two-and-a-half day embryos were explanted 
into a medium which consisted of nine parts of the saline PC (0-586) mixed 
with one part of plasma. Clotting was induced by stirring with a rod dipped 
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in embryo extract. The calculated osmotic pressure of the mixture, accepting 
Bialasccwicz’a figure for the depression of the freezing point of adult fowl 
blood (—0*636° C), is approximately equivalent to that of 0*717% NaG, 
or very slightly above that of fresh egg white and probably below, or at most 
equal to, that of four or five day egg white. Co-ordinate beating occurred in 
all the explants and twittering did not occur. 

The following facts also have a bearing on the question. 

(1) As will be described under experiment 12, active twittering was induced 
and co-ordinate beating prevented in hearts explan ted into a medium which 
consisted of the exudate from a clot composed of nine parts of a solution called 
Sal EW KC1 0 • 3% and one part of plasma. In a medium similar in all respects 
Bave that the saline component contained KG 0-2%, instead of 0*3%, there 
was very much less twittering and a co-ordinate beat occurred in several hearts. 
Thus here twittering varied directly, and beating inversely, with the osmotio 
pressure, exactly the opposite of the result expected if hypotonicity is the 
cause of twittering in egg white. A similar oonclusion followed from the results 
of experiment 14. 

(2) In another experiment the two media used consisted of egg white diluted 
with ordinary Pannett and Comptons 1 solution in ratios of one to four and 
four to one. The osmotic pressure of this saline is approximately equivalent 
to that of 0*66% NaCl; thus egg white diluted with four times its volume of 
the saline is hypotonic to pure egg white and to egg white diluted with one- 
quarter of its volume. Nevertheless, there was more twittering in the higher 
osmotic pressure than in the lower, and co-ordinate beating occurred in the 
lower and not in the higher. 

(3) Further, in experiments to be described in another paper, the media 
consisted of the saline Sal EW, modified by having its content of KC1 raised in 
one experiment to 1 *2% and in another to 1*8%, mixed with plasma in the 
ratio of five to one. The osmotic pressures of the solutions were calculated 
as equal to those of NaCl 1 * 28% and 1 • 75%, so that the mixtures with plasma 
were very hypertonio to egg white. Nevertheless, very active twittering 
occurred in both. 

From these facts it is concluded that the rather low osmotic pressure of egg 
white is neither the cause, nor a necessary condition of twittering. This 
conclusion doeB not imply that osmotic pressures lower than that of egg white 
cannot cause twittering; experiments 16 and 16, indeed, show that strongly 
hypertonic media can, as a sort of shock effect, cause the appearance of a 
transient twitter. 



388 


P. D. F. Murray. 


3 —The Action of Inorganic Cations 

The exclusion of p& and osmotic pressure from the list of possible causes of 
twittering in egg white left the two possibilities of absence from egg white of 
some substance necessary for the maintenance of the co-ordinate beat and of 
the presence in egg white of an agent responsible for its production. In 
Bubaidi&ry experiments, which need not be described, evidence was found which 
favoured the second possibility rather than the first. 

An obviously possible twittcr-producing agent would be some unusual 
balance of inorganic ions, and the available estimates of the ash of egg white 
showed that the free cations were probably present in concentrations very 
different from those in a balanced solution of salts. 

According to Iljin (from Needham), the ash of egg white contains the cations 
Na, K, Ca, Mg in the following proportions (milligrams per hundred grams wot 
weight):— 

Na K Ca Mg 

123-8 132-6 9-8 8-5 

When this ratio of cations is compared with that of a balanced saline solution, 
it is seen that there is little sodium but relatively large quantities of potassium. 
With a view to investigating the effects of so remarkable a cation ratio on the 
behaviour of hearts in vitro a solution was prepared which would have the 
cations present in the same concentration. This solution, which I call Sal EW 
had the following constitution (grama per cent.):— 

NaCl KC1 MgCl a 6H t O CaCl l 6H 1 0 

0-3 0-252 0 074 0-03* 

To this there was always added the phosphate buffer used in ordinary Pannett 
and Comptons’ solution. The p B was found electrometrically to be 7-96 
and the osmotic pressure was about equal to that of 0*54% NaCL The 
of ordinary Pannett and Comptons’ solution was found to be 7*63; its 
osmotic pressure was calculated as equivalent to that of 0-56% N&CL 

The most obvious manner of testing the effect of this solution was to use it 
as a sole medium or after the addition of glucose. A number of experiments 
were performed in this manner but the method was abandoned when it was 

• An error was made in regard to Gad! 6H,0 ; the amount ought to have been 0-06; 
an experiment with this oonoentration was performed (experiment 14). 
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found that many of the most interesting effects of this and related solutions 
were obtained several days after explantation; explants in pure saline or 
saline-glucose solutions do not survive for this length of time. 

Experiment 10—In the first experiment with Sal EW two media were used. 
Medium A consisted of one part of the white of a fertile egg incubated for four 
days mixed with four parts of Sal EW ; medium B was similarly constituted 
except that the diluting saline was PC (0*70). Eight hearts were explanted 
into each medium. The explants were examined daily until day 9, thereafter 
on days 11 and 14. 

Result* —(1) Twitter always occurred in medium A. It always appeared 
first in the sino-atrial region, and as time went on tended to spread into the 
ventricle, especially along its convex side (prospective apical side), so that it 
tended to become generally distributed through the sino-atrial and ventricular 
regions; it never became general throughout the heart because the conus 
never showed more than a few twittering cells and frequently had a 
co-ordinate heat, it persisted for periods ranging from B to II days. 

A true co-ordinate beat never occurred in the sino-atrial and ventricular 
regions, but a curious condition of partial co-ordination of the twitter appeared 
in four and perhaps one other culture, hut not in the remaining three. It is 
not proposed hero to give a full description of this phenomenon or to discuss 
its significance ; but it may be said that it appeared to be a subjection of the 
short amplitude anarchic twitter contractions to the influence of a co-ordinating 
agent, such as an electric impulse, and not to be a conversion of tlic twitter 
into a true co-ordinate beat of long amplitude contractions. In three of the 
four cultures the co-ordination was imposed upon previously unco-ordinated 
twitters and in all the co-ordination disappeared again before the cessation of 
twittering; it always appeared first in the higher parts of the heart and might 
spread over the whole sino-atrial and ventricular regions. Co-ordination 
was never perfect and the contractions always resembled those of twitter 
rather than those of the normal beat. 

In medium A there occurred, at some time during the life of the cultures, a 
co-ordinate beat confined to the conus. This was always a alow beat, as is 
the beat of this region when isolated from the rest of the heart in a normal 
medium. It never occurred on the first day, on which all cultures in this 
medium were stationary. On the second and third days it was present in 
seven cultures, on the fourth day in only two, and thereafter it persisted in 
two (with some interruption in one) until the eighth and ninth (doubtfully 
eleventh) days. 
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(2) In medium B, twittering occurred in only one culture, on only one day, 
and was confined to a very small region of the sinus. Co-ordinate beating 
occurred in all cultures on the first, second and succeeding days, except in one 
which was damaged on the second day. There was perhaps a tendency for 
beating to be stronger in the conus than in other parts of the heart, and in 
two hearts the beat was on the first day confined to the conus. The frequency 
of beating was often irregular and the degree of irregularity might vary in the 
same heart from time to time. 

Conclusions —(1) The differences in behaviour between the two groups, and 
in particular the occurrence of twitter in medium A, were due to the different 
concentrations of cations in the two media. 

(2) Egg white contains nutritive materials sufficient for the maintenance of 
the co-ordinate beat for some days ; subsidiary experiments showed that in a 
pure balanced saline solution the beat cannot be maintained for much longer 
than 24 hours. The cessation of co-ordinate beating in pure egg white is 
therefore not due to nutritional deficiency. 

(3) The co-ordinate beat was more resistant to the inhibitory action in the 
conus than elsewhere. 

(4) Twittering was more readily produced in the sino-atrial region than 
elsewhere, and least readily in the conus. 

(5) If the only agent in egg white which is ooncerned in the production of 
twitter is one or more of the free ions sodium, potassium, magnesium, calcium, 
dilution of egg white with a saline solution whose composition in respect of 
these ions was identical with that of egg white, should affect the heart exactly 
as does egg white. Egg white diluted with Sal EW, however, does not exactly 
reproduce the effects of pure egg white, for it tolerates a oo-ordinate beat in 
the conus and some degree of co-ordination of the twittering cells in other 
parts of the heart. There is, of course, no reason for supposing that Sal EW 
does exactly reproduce the free cation constitution of egg white, for it is baaed 
upon the constitution of the ash, and, further, upon that of the ash of fresh 
eggs and not of eggs incubated for four or five days, and it is with the latter 
egg white that the comparison should properly be made. In spite of this 
discrepancy, a remarkably close reproduction was achieved in regard to the 
production of twitter, for not only was twittering induced, but it was induced 
in those regions of the heart in whioh it is most commonly produced by egg white. 

Experiment 11—The conclusions from experiment 10 were in one respect 
open to criticism ; it might be argued that the cause of twittering in egg white 
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was not the carious ratio of inorganic cations, but some other factor whose 
action was prevented in the presence of a properly balanced solution of salts. 
This criticism would be answered only when it was shown that twittering 
could be produced, in a medium from which egg white was itself absent, by 
a solution containing cations in the necessary ratio. The present experiment 
was the first, incompletely successful, attempt to carry out this test. 

Two media were used. Medium A consisted of one part of plasma to five 
parts of Sal EW, medium B of one part of plasma to five of PC (0*76). The 
media wore dotted by stirring with a rod which had boen dipped iu embryo 
extract. Ten hearts were explanted into medium A, four into medium B. 
The cxplants were examined on the following days: 1, 2, 3, 4, 5, 6, 8, 9, 11, 
12, 13, 15. Many explants were, on the fifteenth day, still not stationary, 
but it was unfortunately impossible to continue observations beyond that 
day. 

Remits —(1) When examined immediately after oxplantation, all explants 
in medium A showed twittering and none were beating, while all in medium B 
were beating and none were twittering. At the second examination on the 
same day, after incubation, all cxplants of both groups were beating, none 
twittering. Beating continued for a number of days in both media. 

(2) Many irregularities occurred in the co-ordinate beat in medium A; 
perhaps the commonest were heart-block, irregular frequency in the sinus, 
disco-ordination between centres of beating in the sinus and atria, and a 
peculiar condition which I called 44 twitteroid.” Heart-block might occur 
between atria and ventricle, or between sinus and atria; all degrees of block 
occurred from 2 to 1 to much higher orders, and it was frequently very irregular, 
varying in severity in the same heart from time to time. Disco-ordination 
between centres of beating in the sino-atrial region appeared as a failure of a 
centre of beating in the sinus, and of a similar centre in each of the two atria, 
to beat together, resulting in extremely chaotic oontraotions of the whole sino¬ 
atrial region. In addition to this, the sinus itself often displayed irregularity 
in the frequency of contraction. 

44 Twitteroid ” was a condition, nearly always confined to the sinus, of 
imperfectly co-ordinated and very chaotic beating, in which there appeared 
to be two elements involved: (a) contractions of the normal type, of long 
amplitude, imperfectly co-ordinated, and (6) unco-ordinated small amplitude 
contractions of twitter type, which to some extent interfered with the long 
amplitude contractions, increasing their irregularity and further reducing 
their co-ordination. Twitteroid, which occurred at some time in every explant 
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in medium A, always followed more normal beating and was in five explants 
succeeded by twittering. 

Twittering, apart from that immediately following explantation, occurred 
in six hearts in medium A, always late in the history of the explant and in 
five succeeding twitteroid when the co-ordinate element in the latter had 
disappeared. If the interpretation of twitteroid as a mixture of twittering 
and beating is correct, twittering occurred in every explant in medium A, 
at first disguised by association with a co-ordinate beat, as twitteroid, and in 
five explants it became obvious later with the disappearance of the co-ordinate 
element. Twittering was usually, if not always, confined to the sino-atrial 
region, of which in some cultures it involved the greater part, in others only 
a few cells. In one explant it commenced comparatively early (sixth day) 
in a thin membrane of small flat cells which formed part of the zone of migration 
and was free from the influence of the co-ordinate element in the twitteroid 
sino-atrial region. 

(3) The control explants, in medium B, showed far less interference with the 
regularity of beating than those in medium A, and disco-ordination in the 
sino-atrial region, twitteroid and twitter did not occur. On the other hand, 
intermittency of beating was perhaps more common in medium B than in A. 

Conclusions —The solution Sal EW caused twittering in mixture with plasma 
and in the absence of egg white ; it is concluded that twittering in egg white 
is due to its cation balance. The solution also in other ways disturbed the 
co-ordination of the beat. 

Experiment 12—The constitution of the solution Sal EW suggested that the 
high content of potassium was probably important as a cause of twittering. 
The present experiment was designed to test this hypothesis. A somewhat 
different technique was used from that of the last experiment. Three saline 
solutions were prepared: one was Sal EW, and the other two differed from 
this only in containing 0-2% and O’3% KC1 respectively. The media were 
prepared thus: nine parts of each saline were mixed each with one part of 
plasma and the mixture was clotted by stirring with a rod which had been 
dipped into embryo extract; the clots were then cut into several fragments with 
a knife and incubated for about 10 minutes. The fluid exudates which then 
appeared were used as media. The exudate containing 0-3% KC1 was called 
medium A, that containing 0-25% KC1 medium B, that containing 0-2% KC1 
medium C. The technique of explantation was that usual for explants in 
fluid media. These media have, of course, a lower nutrient value than those 
in which whole plasma is included. Further, tissue cultures in general seem 
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to thrive lead well in a fluid than in a solid medium. Eight hearts were 
explanted into medium A, seven into medium B, eight into medium C. 

RendU —The results are best presented in a table summarizing the observa¬ 
tions made on successive days. Table II shows for each day the number of 



Day 1 

examination 1 

Table II 

Day 1 

examination 2 

Day 2 

examination 1 

Day 2 

examination 2 

Medium. 

A 

B C 

A 

B 

C 

A 

B C 

A 

B 

C 

Twitter in both major 
divisions . 

5 

6 6+1T 

2 

0 

1 ? 

2 

6 1 

1 

5 

1 (k>catioi 

Twitter in 8A or V or 
both, not in oonus 

1 

0 l 

4 

0 

0 

2 

0 (lTd) 

4 

0 

nnknov 

1 

Twitter in conns only .... 

2 

1 0 

0 

3 

0 

0 

1 0 

0 

0 

0 

Beat in both major 
divibions . 

0 

0 1 tranu 

0 

0 

0 

0 

0 0 

0 

0 

l(dislooati 

Beat in SA or in both 6A 
and V, not in conus .... 

1 

0 0 

0 

0 

1 

0 

0 0 

0 

0 

0 

Beat in cornu only .. , 

0 

0 0 

0 

0 

3 

0 

0 2 

0 

0 

2 

Stationary. 

0 

1 1 

2 

4 

3 

4 

1 0 

3 

2 

4 


Abbreviations, etc.—“ Major divisions ” arc si no-atrial-ventricular region and conus. 8A P sino-atrial regi 
V, ventricle. Td, twittoruid. inns, transient. 


hearts twittering, having co-ordinate beat, and stationary. An indication is 
given of the distribution within the hearts of both twitter and beat, by showing 
the numbers of cases iu which these modes of behaviour occurred in both the 
major divisions of the heart (sino-atrial-ventricular region and conus), and in 
either of them but not in the other. 

A glance at the table shows that:— 

(1) In the majority of explants in all three groups twittering occurred, in 
both the major divisions of the heart, immediately after explantation, while 
co-ordinate beating practically did not occur at that time. In the two hearts 
in which it did occur its presence was clearly due to the experimental medium 
not having had time to exert its full effect. In normal media beating always 
ocours at this stage. 

(2) Setting aside the pre-incubation twitter, which is probably in large 
part a shock effect caused by the change of medium, the onset of twittering 
was earlier in medium A than in either of the other two groups (six hearts at 
the second examination on the first day, against three in medium B and perhaps 
one in medium C). 

(3) The lowest concentration of potassium which caused twittering at all 
on the first day (medium B), caused it in the conus and not elsewhere, while 
the higher concentration (medium A) caused it more frequently in the atrio- 
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ventricular region. Co-ordinate beating occurred only in medium C and was 
usually confined to the conus. 

(4) On the second day twittering remained exiguous in medium C, but in 
medium B the amount of twittering had greatly increased and was now no 
longer confined to the conus, being present in both atria in four and possibly 
five cases, in the convex (apical) side of the ventricle in four and in all in the 
oonus, particularly near its end. The concave side of the ventricle was in all 
oases stationary. In medium A twittering had somewhat decreased, but was 
still much more prominent than in medium C, and showed a preference for the 
aino-atrial and ventricular regions rather than for the conus. Co-ordinate 
beating never occurred in either medium A or B. 

(5) It is concluded that- 

(a) The constituent of Sal EW which inhibits the co-ordinate beat and is 
responsible for the development of twitter is potassium, for excess 
potassium stops the beat and further excess produces twitter. Hence 
the agent responsible for the production of twitter in egg white must be 
its high potassium content. 

(b) So far as the co-ordinate beat is concerned, the conus is more resistant 

to excess potassium than the rest of the heart. 

(c) Twittering is usually induced in the conus by a lower concentration of 

potassium than is required to oause it in other regions. 

Experiment 13—Besides its high content of potassium, the ash of egg white 
and the solution Sal EW contain relatively and absolutely less sodium than is 
present in balanced salines. The object of the present experiment was to 
see whether this low sodium content could be a factor in the production of 
twitter. 

Four salines were used: (a) PC NaCl 0*3% was Pannett and Comptons’ 
solution with the content of NaCl reduced to 0*3%, the amount present in 
Sal EW, the other salts being unaltered ; (b) PC (0*352) was Pannett and 
Comptons’ solution with the NaCl reduced to 0*3% and the other salts reduced 
in the same proportion. This solution was isotonio with NaCl 0-352%, and of 
course was slightly hypotonic to PC NaCl 0*3%; (c) NaCl 0-352%, with no 
other salts present; (d) NaCl 0*8% with no other salts present. The media 
consisted of nine parts of saline to one of plasma and are called medium A, B, 
C and D respectively. Fourteen hearts were explanted into medium A, 
twenty-one into medium B, eleven into medium C, three into D. 
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Results —(1) At the first examination, immediately after explantation, all 
three explants in medium D were beating and none were twittering, but in 
media A, B and G none were beating and nearly all showed some degree of 
twitter. The following table compares the three groups in respect of the 
number of cases of twittering in the major regions of the heart and of the activity 
of twittering. 

Table III 






Medium 






A 



B 



C 


Number of expl&ntsL n which— 



0/ 







Some dogrec of twitter occurred in SA. 

13 


/o 

93 

17 
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ft 

m ,* AVC 
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64 

10 

3E 

48 

1 

B3 
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.t .. V . 
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7 

1 

a 

5 

0 



„ M oonua 

11 


79 

17 


81 

8 

a 

73 

Twitter occurred in both atria (instead of 










only in one) . 

10 


71 

13 

■=1 

62 




Twitter was active in SA . 

5 


36 

6 


24 

0 



Twitter was weak in BA . 

2 


14 

6 

=j 

29 

4 

=■ 

36 

Twitter waa active in AVC ... 

4 


20 

3 


14 

0 



Twitter wan weak in AVC .. . , 

1 


7 

6 

= 

29 

1 

=3 

9 

Twitter wu active in the oontu 

1 

3X1 

7 

2 

EC 

10 

0 



Twitter wu weak in the conus . 

11 

sr: 

79 

12 


67 

8 

— 

73 


Abbreviations, etc.—The figures in the right-hand column are percentages of tho total number 
of explants in each medium. SA, sino-atrial region. A VC, atrio-ventricular canal. 

Thus (1) in regard to more incidence of twittering in the sino-atrial region 
and atrio-ventricular canal, the explants in medium A gave the highest figures, 
those in medium B the next highest, and those in medium C the lowest figures. 
In the ventricle and conus the difference between the three groups is probably 
insignificant. (2) The incidence of twittering in both atria, instead of in 
only one, is higher in medium A than in medium B ; the data for medium G 
are in this respect insufficient, but there is little doubt that the actual incidence 
was low. (3) Tho activity of twittering tended, in the sino-atrial region and 
atrio-ventricular canal to be greater in medium A than in medium B, but in 
the conus to be greater in medium B than in medium A, while in medium C 
activity was in all regions less than in either of the other two media. 

Medium C was isotonic with medium B; therefore, if the low osmotic pressure 
accounted for all the twittering in medium B there should have been the same 
amount of twittering in both media. Actually there was definitely more 
twittering in medium B. But medium B differs from medium C in having less 
sodium and more of the other cations ; it may therefore be concluded that so 
far as explants in medium B twittered more than those in medium C this was 
due to its lower ratio of sodium to other cations. 

Explants in medium A twittered more than those in medium B, at least 
in the sino-atrial region and atrio-ventricular canal. Medium A was slightly 
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hypertonic to medium B, therefore this greater activity was not due to a lower 
osmotic pressure; in regard to cation ratio it differed from medium B in the 
same sense as that in which medium B differed from medium 0. Thus its 
greater activity in these regions must have been due to the same cause, that 
is, to a lower ratio of sodium to other cations. 

Explants were made in medium D merely to show that a high ratio of sodium 
to other cations does not cause twittering. 

Ordinary Panuctt and Comptons’ solution, which has the same cation 
ratio as PC 0*362 does not cause twittering. This fact has its explanation, 
which will be given in another paper. 

(2) At the second examination on the day of explantation, and on succeed¬ 
ing days, the explants of all groups were beating. Twittering did not occur, 
after the first examination, in any explant in media B, C, or D, but it occurred 
in at least five explants, and probably in one other, in medium A. The twitter¬ 
ing was never extended over the entire heart or even over a large port of it, 
but was usually restricted to quite small regions. Most frequently it occurred 
shortly before the death of the explant when the co-ordinate beat was absent 
or much weakened. Sometimes it occurred earlier, as in two explants on the 
second and third days respectively, when it appeared in the conus in the 
intervals between co-ordinate beats. No particular part of the heart appeared 
to be favoured, but the recognition of morphological regions was often difficult 
in late stages, owing to the spreading of the explants. Where it appeared 
early in the life of the explant it lasted for one to two or three days and then 
disappeared, while the co-ordinate beat might continue. 

In media C and D, in both of which the ratio of sodium to other cations was 
high, the vigour, regularity and period of continuation of beating were in no 
way inferior, but rather better than in the other media. In medium C the 
beat persisted for periods ranging from two days in one heart to over two 
weeks in several. 

It is concluded that: 

(1) A low ratio of sodium to other cations favours twittering, and therefore 
the appearance of twittering in egg white is assisted by its low sodium 
content. 

(2) Low osmotic pressures, considerably below that of egg white, can cause 
a transient twitter. 

Experiment 14—It was stated in a footnote on a previous page that in the 
preparation of the solution Sal EW a mistake was made, the solution being 
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made to contain 0*03% CaCl, 6H,0, whereas it should have contained twice 
this amount. The present experiment was intended to show whether the 
addition of the extra amount of calcium would affect the twitter-producing 
properties of the solution. Further, since it is not improbable that egg white 
after four or five days incubation of the egg may contain significantly more 
calcium than is present before inoubation, I prepared a solution (Sal EW 
CaCl t 6H t O 0*1%) having a higher calcium content than that supposed to 
represent the calcium content of the unincubated egg. 

Three salines were used: one was Sal EW having as usual CaCl 9 6H,0 
0-03%, tho second and third resembled the first except that they contained 
0-06% and 0*1% CaCljCHjO respectively. Each saline was mixed with 
plasma in the proportion of nine of saline to one of plasma and the resulting 
mixtures were the media, which were used as solid clots. The mixture with 
Sal EW CaCljGHaO 0-1% was called medium A, that with Sal EW CaCl 9 
6H a O 0-06% was called medium B, that with Sal EW CaClj 6H a O 0-03% was 
called medium C. Eight hearts were explanted into medium A, nine into 
medium B, nine into medium C. All explants were examined immediately 
after explantation, again later on the same day, and thereafter daily. 

Results —The accompanying table indicates the results over the first and 
second days. An arbitrary, and unavoidably somewhat subjective distinction 
has been made between active and weak twitters, the former indicated in 
Table IV by T, the latter by (. The distinction represents Buch differences as 
between a twitter affecting, for example, the whole sino-atrial region (T), 
and one confined to a single atrium with less active movement (t), or between 
a conus in which all or most of the cells are constantly contracting and relaxing 
and one in which an occasional contraction can be seen in odd cells here and 
there. Intermediate conditions, described in the notes by such terms as 
“ moderate twitter/’ are included under T, so that the group t is composed of 
definitely weak twitters. Owing to the impossibility of measuring twitter, 
either by frequency of contraction, number of cells contracting, or by any other 
method, while some distinction such as that made is essential to the description 
of the facts, this rather arbitrary classification must be used. There is no 
doubt that it does give a fairly accurate representation of the differences in 
the effects of the three media. 

Table IV shows that at the first examination, immediately following explana¬ 
tion, there was no very marked difference between the three groups; a slight 
inactivity in medium B f compared to those in media A and C, must surely be 
insignificant. At the next examination, the seoond on the day of explanation, 
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the activity of all groups has decreased, and in medium C more than in media 
A and B, the only twitters existing in the former medium being in the conus 
and weak, while both the other two groups showed twitters in the aino-atrial 
region as well as in the conus. On the second day the greater activity in 
media A and B was well established, and four of each group now showed active 
twittering in the ventricle. In each of these eight explants twittering was 
present through the whole, or at least the greater part, of the sino-atrial region, 
along the convex (apical) side of the ventricle, and in the conus; that is, it was 
distributed throughout practically the whole heart except the concave side of 
the ventricle. In medium C no twittering occurred in the ventricle. 


Table IV 


Day 1 

examination 1 
Medium 



A 

B 

C 

BA . 

. 6T 

3T 

AT 


21 

At 

I 7 

31 

Ventricle. 

. .. 21 

ITT 

0 

21 

Conus . 

. 3+1T T 

4 T 

5T 


41 

At 

31 


Abbreviation*—8A, lino-atrial region. T, 


Day 1 

examination 2 

Medium 


Day 2 

Medium 


A 

B 

C A 

B 

c 

4T 

IT 

0 6T 

7T 

IT 

21? 

4 t 

11 

21 

21 

0 

0 

0 4 T 

4T 

0 

2+2 ? T 

fiT 

71 4T 

0T 

3 T 

31 

31 

31 

31 

31 

1 ? 

active or moderate twitter. 1, weak twitter. 



After the second day, the superior activity and extension over the heart of 
twittering in media A and B were maintained, and there is no need to describe 
the results further. Also the low nutritional quality of the medium began 
to make itself felt. 

The osmotio pressure of medium C was, of course, slightly below that of 
media A and B, and it may be thought that this influenced the results. Bnt 
the difference between the media B and C was only 0*03% CaCl, 6H,0, 
osmotically equivalent to about 0*01% NaCl. Further, experiment IS showed 
that so far as osmotic pressure influences it at all, hypotonicity should favour 
the development of twitter. 

The present experiment has been done twice. The results obtained on the 
first occasion have not been described because the number of explants in 
medium A was thought to be too small. Essentially similar results were 
obtained on both occasions. 

The added calcium in media A and B both increased the activity of twittering 
and extended its range over the heart, particularly into the sino-atrial region; 
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it is concluded that, in egg white, twittering is due not only to the action of 
potassium in a medium of low sodium content but also to the action of calcium. 


Discussion 

The object of the present work was to discover the cause of twittering in egg 
white, not to present a full investigation of the nature of this phenomenon or 
of all the factors influencing its production. The experiments described have 
made it clear that in egg white the principal factor responsible for the production 
of twitter is the high potassium content, and that this is aided by the calcium 
and is at least in part dependent upon the low content of sodium. It iB possible 
of course, that the part actually played by calcium may be greater than the 
available facts would indicate, for the solution Sal EW is based upon the ash of 
unincubated egg white, not upon any knowledge of the actual free cations of 
egg white after four or five days incubation. 

The present communication is not the first occasion upon whieh the 
phenomenon with which it deals has boon reported. Olivo (1924) described 
the effects of treating explanted fragments of chick embryo hearts with excess 
calcium and potassium. Ho found, with both, an effect exactly similar to 
that which I have described, except that in calcium twitter (called by him 
“ contrarioni dissociate ”) might be accompanied by co-ordinate beating, an 
observation which I have since fully confirmed. In potassium, however, he 
found that the abnormal activity ceased after at most a few hours and could 
not be reawakened. This result is very different from mine; it is shown in 
this paper, and repeatedly in experiments which have not yet been reported, 
that twittering caused by potassium may continue for days. These divergent 
results may be due to differences in technique or to the fact that the material 
used by Olivo was usually derived from older embryos than those which I 
have used. It is a fact that, some hours after explantation, the preliminary 
twittering seen in my experiments immediately after explantation, and whioh 
appeared to be of the nature of a shock effect, tended to disappear; later, 
however, it usually reappeared and then continued until the death of the 
explant. I suggest, therefore, that the twittering which occurred in Olivo’s 
experiments with potassium was this preliminary shock effect twittering and 
that the concentrations of potassium in his media were too low to produce 
the more permanent twitter. Olivo’s other observations will be discussed in 
a succeeding communication. Bucciardi and Bisceglie (1929) also saw dis- 
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sociated (twitter) contractions in excess calcium and excess potassium, but 
they did not investigate the phenomenon exhaustively. 

The relation between twitter, co-ordinated twitter, twitteroid and co¬ 
ordinate beat presents a difficult problem which will not receive its full 
elucidation until further experiments have been made. A word may never¬ 
theless be said on co-ordinated twitter and twitteroid. The characters of 
twitter are : (a) lack of co-ordination between the cells; (6) small amplitude 
of the contractions; (o) the contractions are repetitive but arhythmio, that is, 
no regularity can be discovered in the lengths of the intervals between con¬ 
tractions ; (d) the frequency of contraction of each cell is greater than the 
frequency of the intrinsic co-ordinate beat of the region of the heart concerned, 
and is greater in the sino-atrial region than in the ventricle, and in the ventricle 
than in the conus. Co-ordinated twitter appears to be a condition in which 
each cell contracts in the manner seen in ordinary twitter, but with more or 
leas co-ordination, while in twitteroid there is a mixture of twitter with a co¬ 
ordinate beat whose co-ordination has been rendered imperfect by the same 
factors as have caused the twitter. 

The fundamental problem of the relation between fibrillation as seen in the 
mammalian heart, co-ordinate beat and twitter will be discussed on another 
occasion after the presentation of further data. 

In conclusion, it is a pleasure to express my thanks to Dr. H. B. Fell for 
assistance given in many ways, to Mr. C. W. Wilson who helped with the pu 
determinations, and to my wife who prepared many of the explants. 


Summary 

1— Fragments of chick embryos in primitive streak stages, taken from parts 
of the embryo known to contain the heart anlagen, and explanted into egg 
white, survived as vesicular structures in which a degree of differentiation 
might occur. In egg white of eggs incubated for four or five days areas of 
contracting tissue appeared, but not in egg white from eggs incubated for 
two days or less. 

2— Similar fragments, explanted into plasma and embryo extract, produced 
areas of contracting tissue; the contractions were rhythmic and co-ordinate. 
In egg white the oells contracted in a quite anarohio mannnr without co¬ 
ordination and arhythmically; the contractions could continue for long 
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periods of time, in one intance for 36 days, although the medium was not 
changed. 

3— The unco-ordinated contractions superficially resembled fibrillation, 
but as identity with fibrillation remains doubtful, the present phenomenon is 
given the provisional name " twitter.” 

4— The entire hearts of embryos incubated for two or three days behaved 
similarly when explan ted into egg white. Egg white from eggs incubated 
for less than two days was not tried; in egg white from eggs incubated for 
two days twittering occurred in one explant, the hearts being stationary in the 
remainder, but in egg white from eggs incubated for four or five days, while 
the co-ordinate beat stopped in all, it was frequently replaced by twitter. 
Five day egg white was a more active agent in producing this phenomenon 
than four day egg white. Older egg whites were not tried. 

5— The cause of twittering was investigated, mainly by the use of a saline 
whose content of sodium, potassium, calcium, magnesium resembled that of 
the ash of egg white. It was found that the principal agent in the causation 
of twitter in egg white is the high content of potassium,that this is aided by 
the much lower, but still rather high content of calcium, and that the occurrence 
of twitter is assisted by the low content of sodium. 

6— The co-ordinate boat was more susceptible to excess potassium in the 
sino-atrial region than in the conus, so that it might persist in the conus in a 
content of potassium which had stopped it elsewhere. The frequency of 
beat in the conus was then low, resembling the intrinsic beat of the same 
region when mechanically isolated from the rest of the heart. 

7— Twittering was usually induced in the conus by a lower concentration 
of potassium than was required to cause it in other regions. 

8— Osmotio pressures much below that of egg white produced a slight 
transient twitter which was soon replaced by a co-ordinate beat which could 
be maintained for days. The osmotio pressure of egg white is too high to be 
a cause of twitter. 

9— The characters of twitter are : (a) absence of co-ordination between the 
contracting cells; (6) short amplitude of contractions; (c) the contractions 
are repetitive but arhythxnio; (d) the frequency of contraction of any cell is 
greater than the intrinsic frequency of the co-ordinate beat in the region of 
the heart in which the cell lies; (e) the frequency of contraction is very great 
in the sino-atrial region, lass in the ventricle, least in the conus; (/) twittering 
may occur distributed over all or most parts of the heart or may be restricted 
to almost any large or small region in it. 
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I —Introduction 

Hypophyeectomy is now performed readily in many mammals and amphi¬ 
bians, but so far it has apparently not been successfully accomplished in 
birds. Fischera (1900) attempted to cauterize the pituitary body of the 
fowl, but obtained only dubious results. In view of our increasing knowledge 
of the reproductive system and secondary sexual characters of birds, it is 
evident that hypophysectomy would open up a wide field of investigation for 
work on sex hormones. The parapharyngeal route for removing the pituitary 
was precluded by the large size of the gullet, while the temporal route seemed 
to offer little hope. The extensibility of the mouth tissues, however, suggested 
that a buccal approach would be practicable. It was found barely possible 
to open the beak sufficiently to give easy access to the back of the mouth, but 
a- comparatively small incision in the thin elastic floor of the mouth provided 
a ready approach to the soft palate and the base of the akull We have found 
it possible to remove the pituitary with comparative ease by this transbuooal 
route, and the present paper is devoted to a description of the exact technique 
of the operation. 
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II —Operative Technique in the Fowl 

The following description applies primarily to the fowl; notes on the 
differences found in other birds arc given in Section III. 

The bird is given a small sub-cutaneous dose of urethane (about 0*5 gm 
per kg) and a large dose of atropine (about 20 mg) and anesthetized with 
ether. This amount of urethane does not retard recovery appreciably and 
makes it easier to give the ether. Atropine is essential to control the copious 
mucous secretion in the mouth. 

The ventral surface of the neck is plucked from the sternum upwards. A 
U-shaped tracheal cannula is inserted low down in the neck, each arm of the 
tube being about 5 cm long, and a piece of rubber tubing is then attached to 
the free end to lead back over the breast to the anesthetist. The normal air¬ 
way is not completely occluded in the operation on the fowl, but the use of a 
tracheal cannula, though not essential, is highly convenient. The bird is 
placed on its back, head towards the operator. The head is kept vertical by an 
adjustable and suitably shaped block on each side and is held down by an elastic 
band over the beak. Between the blocks a slit is cut in the board to accom¬ 
modate the comb. 

An incision about 2 cm long is made through the skin and platysma between 
the wattles, starting about 1-5 cm behind their anterior margin, fig. 1. If 
the wattles are very much developed and fleshy they may meet in the mid¬ 
line, and it is then necessary to make the incision farther back and to retract 
the skin anteriorly. Interference with the complex of blood vessels at the 
base of the wattles may lead to their becoming gangrenous and must always 
be avoided. The edges of the skin are retracted by small hooks attached to 
elastic. The anterior part of the hyoid apparatus and the thin muscles cover¬ 
ing the floor of the mouth are now in view. By pushing the hyoid bones to the 
left, a strip of the floor of the mouth free from muscle can be seen in the angle 
between the mylo-hyoid and the stylo-hyoid muscles. An incision about 
2 cm long running anterio-posteriorly is made at the right-hand margin of 
this area. The incision must be kept well to the right, otherwise little tissue 
will be left against the base of the tongue and the subsequent suturing will be 
more difficult. The tongue and hyoid apparatus are now retracted to the 
left by further hooks and a slight retraction on the right-hand margin and 
anterior end of the incision completes this stage of the operation. The glottis 
is about 3 cm posterior to the incision and iB unaffected by these manipulations. 
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Part of the hard palate* and almost the whole of the soft palate are now in 
view. The latter is deeply cleft, except in the middle, where a bridge of tissue 
connects the two sides at a point above the articulation of the pterygoids 
and palatines with the rostrum, fig. 2. 

Since there is no nasal pharynx in the fowl, access to the base of the skull 
is easy. The ridge forming the anterior extremity of the basi-temporal bonef 
can be felt with a seeker below the posterior end of the cleft in the palate. 



Fro. 1—Ventral surface of head of fow], showing line of skin incision. 

The narrow rostrum can also be felt under the bottom of the cleft and can be 
traced forwards to its junction with the vomer which projects into the much 
deeper cleft in the hard palate. The posterior part of the cleft in the soft 
palate is deepened by blunt dissection and the two sides of the palate are 
pushed laterally and held in position by a spring retractor of the type used by 

* “ Hard and aoft palate ” are hen need as descriptive terms for regions not homologous 
with those so called in mammals, 
f The terminology used is that of Parker (1860). 
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White (1933) for the rabbit. The rostrum is most easily cleared of connective 
tissue and periosteum by light cauterization. The cavity thus made is bounded 
laterally by the retracted palate, posteriorly by the crest of the baai-temporal, 
and anteriorly by the bridge of tissue across the cleft of the palate, fig. 3. The 
openings of the Eustachian tubes are at the posterior end of the rostrum, and are 
obliterated by the operation. An oval hole about 3 mm by 6 mm jg now 
drilled in the posterior rostrum with a No. 13 dental burr, the posterior margin 



Fig. 2—First stage of hypophysectomy : floor of mouth opened, and palate exposed. 


of the hole extending to the baai-temporal. The rostrum is quite narrow and 
unless the hole is made exactly in the mid-line, it is easy to get lost in the soft 
tissues at the side. Before drilling is begun it is advisable to make sure that 
the pr eliminar y manipulations have not pushed the head out of the vertical, 
as loss of direction in drilling is much more likely if the head is leaning to one 
side. The rostrum is soft and 44 honeycombed,” but little bleeding should 
ooour during drilling. When the hole is about 3 mm deep, the pituitary 
comes into view. Approached from this direction, the pituitary lies at an 
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angle, and the posterior portion is seen first. Attention is then directed to 
deepening the anterior part of the drill hole and exposing the remainder of the 
pituitary, which is comparatively large in area, about 2 mm by 4 mm, but 
quite thin. As in mammals, the last thin plate of bone should be picked out 
with needle and forceps. The pituitary iB surrounded by amuses, and the 
internal carotids are almost embedded in the sides (see de Beer, 1926), bo that 
excessive enlargement of the drill hole, especially laterally, leads to serious 
bleeding. The posterior lobe is small, and from the operative approach lies 
under the posterior part of the anterior lobe, fig. 6, Plate 16. According to dc 
Beer there is no pars intermedia, and only a very thin pars tuberalis covering 



Fig. 3—Second stage of hypophysectomy : palate retracted laterally and rostrum exposed. 

the stalk. When the last plate of bone is removed at the bottom of the drill 
hole, the pituitary bulges up inside its capsule, fig. 4, which is remarkably tough 
and is best divided by tearing down in the mid-line with a sharp hooked needle. 
The pituitary can then bo removed by a negative pressure cannula. Usually 
the whole gland comes out in one piece, but sometimes it is necessary to clean 
up fragments adhering to the stalk. Except for the connecting stalk the 
pituitary is entirely cut of! from the brain. The whole of the posterior lobe 
and about one-third of the anterior lobe is covered by the dorsum sell®, fig. 6, 
Plate 16, and the remainder is separated from the cranial cavity by a tough 
membrane. Even this is not in contact with the brain, as the optic nhiaumft 
is very large and lies right above the anterior part of the sella turcica. The 
risk of injury to brain tissue during the removal of the pituitary is slight. 
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When the removal is completed the dorsum Bell® should be clearly visible as 
a floor to the posterior half of the cavity. Appreciable bleeding may occur 
when the gland is sucked out, and we have usually plugged the sella turcica 
and drill hole with shredded gut bo that the operation can be proceeded with 
immediately. The plug is partially reabsorbed in the course of time and 
appears to have no ill-effect. Removal of the spring retractor allows the two 
halves of the palate to slip back over the drill hole and the operation is com¬ 
pleted by suturing the incision in the floor of the mouth, removing the cannula 
and closing the tracheal and skin wounds. The well-known resistance of 
birds to infection makes it possible to carry out the whole operation with a 
minimum of aseptic precautions. 



Fio. 4 —Third stage of hypophyaeotomy : rostrum drilled and pituitary exposed. 


Ill — Recovery and Effects 

The fowl recovers rapidly from the anesthetic and is wulking about and 
eating within an hour. It usually appears to feel no after-effects from the 
actual manipulation. The skin wounds heal with remarkable rapidity. Some 
few birds have developed mucous obstruction in the glottis, but how far this is an 
effect of the manipulation and how far an effect of the remarkable debility 
which follows the operation is difficult to say. For 12-18 hours the birds 
behave normally, but subsequently severe metabolic disturbances set in and 
unless temporary replacement therapy is begun immediately the great majority 
die within 48 hours. Anterior lobe extracts, or to a lesser degree cortin, assist 
the birds through the critical period. Wo are thus satisfied that the mortality 
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following the operation is not doe to operative shook or other casual factors. 
In birds kept alive, the changes which might be expected occur in the repro¬ 
ductive tract and secondary sexual characters. Thus the testes of the cook 
atrophy, and the comb regresses in the same way as after castration. The 
ovary and oviduct of the hen also undergo involution. Plumage changes, 
referable to atrophy of the gonads and thyroid, occur in both sexes. These 
effects will be dealt with later. 

IV —Adaptation of Operative Technique to Birds other than Fowls 

We have investigated the possibility of performing a similar operation on 
other birds, particularly bantams, ducks, pigeons and doves, and turkeys. 
With certain slight modifications due to minor differences in the morphology 
of the area, the operation can be adapted to these other species and has been 
successfully performed on them. 

Bantam —Exactly the same technique is required for the bantam, except 
that a smaller spring retractor and a No. 10 dental burr are required. 

Duck —The longer, narrower head of the duck makes the area of 
operation rather more cramped. Further, the trachea comes right up 
between the wings of the hyoid bone and the glottis lies at the base of the tongue, 
which is much larger than in the fowl. In spite of the greater congestion of 
the hyoid region, however, the floor of the mouth can still be retracted to 
expose the soft palate. The glottis, however, is occluded and a tracheotomy 
is essential in this species. The soft palate is more deeply cleft than in the 
fowl, and is V-shaped in section, so that the rostrum is nearer the surface 
and can be exposed with ease. It is broader and much longer than in the 
fowl. The pituitary is situated slightly further forward in relation to the 
basi-temporal crest than in the fowl, but otherwise there are no differences in 
the rest of the procedure. 

Pigeon and Dove —The essential topography is much the same as in the fowl. 
The basi-temporal crest is nothing like so prominent, but if the anterior part 
of the cleft in the soft palate is enlarged and the palate spread laterally the 
proper place for drilling the rostrum is reached. The bone is even more 
honeycombed and is rather thicker than in the fowl, and the pituitary itself 
is relatively larger, but no essential difference in technique is required. The 
smaller size of the head necessitates the use of a much smaller spring retractor 
than is used for the fowl and a No. 8 dental burr is required for drilling. 
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Turkey —The topography of the turkey head is also very similar to that of 
the fowl, except that the glottiB is nearer to the tongue. The operative pro¬ 
cedure is identical, but the site is much more roomy and larger instruments are 
required. A No. 16 dental burr can be handled with ease. 


V —Summary 

1— A technique for transbucoal hypophysectomy of the fowl is described, 
together with the necessary modifications for other birds. 

2— Hypophysectomy in the fowl usually results in death within 48 hours. 
This effect, which can often be avoided by appropriate replacement therapy, 
is apparently due to the severe metabolic disturbance which follows removal 
of the pituitary. 
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DESCRIPTION OF PLATE 
Guide Letters 

a.L, anterior lobe of pituitary, b.t., hasi-temporal crest. d.A, site of drill hole for 
hypophyseotomy. d.s„ donum sell®, o.c., optic chi asms. p.l., posterior lobe of 
pituitary, r., rostrum, e.ff.p., shredded gut plug. 

FlO. fi—Ventral surface of skull of fowl, lower jaw removed, showing site of drill hole for 
hypophyseotomy. 

Fig. 6—Sagittal section of sella turcica and surrounding region in the fowl, x 12. 

Fig. 7- Sec t ion of same region 6 days after hypophyseotomy, showing the shredded gut 
with which the drill hole and sella was plugged. In this case a small piece of posterior 
lobe is still present under the dorsum sellae, but no anterior lobe tissue, x 12. 
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[Platss 17 and 18] 

I —Introduction 

BisBonnetto (1932) was able to induce complete oestrus in three female ferrets 
by evening illumination from October 12 onwards, but similar treatment of 
a male from October 12 to December 22 failed to carry spermatogenesis beyond 
the spermatocyte stage. Mating, therefore, resulted only in pseudopregnancy. 
In a second series of animals illuminated from December 7 onwards, spermato¬ 
genesis was secured during February and a litter was born on April 11 (Bisson- 
nette, 1933). The normal untreated male, however, usually becomes fertile 
during February (Allanson, 1932) and the first litters of the season may be 
bom early in April, so that Bissonnette cannot be said to have induced fertility 
outside the limits of the normal breeding season. 

Bissonnette’s failure to bring about premature spermatogenesis, though 
involving one animal only, suggested that the male was much more refractory 
than the female, especially since anterior lobe extracts and urine of pregnancy 
extracts readily cause ovulation in the ancestrous ovary (Hill and Parkes, 
1930), while such extracts cause little reaction in the quiescent winter testis. 
It seemed, however, that a combination of additional light and gonad-stimu¬ 
lating extracts might be effective, and the present paper records experiments 
carried out on these lines, as a result of which pregnancy was induced in light- 
treated females well outside the limits of the normal breeding season. 

II— Technique and Material 

Illumination —The evening illumination was carried out exactly as described 
in a previous paper (Hill and Parkes, 1933, a). 

Oonad-stimulating Extract —An extract of urine of pregnancy (U.P. extract, 
B.8), kindly prepared by the British Drug Houses, was used. This had a 
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rabbit unit (see Hill, Parkes and White, 1934) of about 0*5 mg. It was kept 
as a dry powder and sterilised by heat (see Askew and Parkes, 1933) before 
being made up in sterile saline for injection. 

Histological Technique —This was as usual; the organs wero weighed at the 
70% alcohol stage during up-grading. Since three testes and epididymides 
were obtained by unilateral castrations, the weight of organ given is for one 
only, or is the mean weight if the pair were obtained together. The 
ovary weight given is that of the pair. 

Scheme of Experiment —Twelve females (FPL 1-12) were put on to evening 
illumination on October 12. Eleven of these came into oestrus during the next 
three months, 9 being used for the work recorded in this paper and 2 for other 
purposes. Four males (FPL 13-16) were put on light treatment at the same 
time ; two stages were obtained from each of throe of these males by means of 
unilateral castration. Three normal males (FPL 18-20) were killed as controls, 
and a further one (FPL 17) was injected with urine of pregnancy extract. 

Ill —Activation of the Female 

The Normal Ancestrous Female —The condition of the reproductive organs 
of the normal female ferret during the winter has been described by Hammond 
and Marshall (1930) and some additional information was given by Hill and 
Parkes (1933, b). Hammond and Marshall describe their earliest full oestrus 
as occurring on March 2. The earliest oestrus in our experience was seen on 
February 20. Major Dunkin informs us that for the three years 1933, 1932 
and 1929, the earliest dates of mating in the large colony maintained at the 
National Institute's Field Laboratories have been February 10, March 9 and 
April 3, respectively. 

Activation by Light —Of the twelve females put on to light from October 12, 
one reacted in 5 weeks, one more within 8 weeks, eight of the remainder within 
3 months, and one more in a little over 3 months. One failed to show the 
vulval swelling even after 5 months. Eight of the females were mated and 
they all ovulated, although the duration of mating was very short in some, 
being as little as 10 minutes in one. There is some evidence that these light- 
treated females were stimulated to supernormal ovarian activity. As shown 
in Table II, six ferrets, pseudopregnant from copulation at light-induced 
oestrus, had a total of 80 corpora lutea, an average of over 13 per animal. One 
animal had 20 and another 17. The numbers of corpora lutea in these animals 
are certainly above the average sue of litter (8-9) and probably above the 


2 f 2 



412 


M. Allanson, I. W. Rowlands and A. S. Parkes 


average number of follicles ovulating at one time. The economic possibilities 
of this apparent increase in female fertility, however, are not great, because 
the average litter size in normal ferrets is obviously approaching the maximum 
number of young which could be carried to full term and reared normally. 

IV —Activation of the Male 

The Normal Anastrous Testis and Epididymis —The anoestrus of the male 
ferret can be divided into two phases (Allanson, 1932); ono of almost complete 
inactivity (October-November), and another of gradual preparation for the 
breeding season (Deoembcr-February). 

In October and November the weight of a single testis is 0* 16-0-20 gm, the 
seminiferous tubules measure 75-100 p, in diameter and have a prepubertal 
appearance. There is no active production of spermatocytes, although they 
are found in occasional tubules. In December primary spermatocytes are 
more numerous and arranged in regular rows two or three cells deep around a 
small lumen. The diameter of the tubules has increased slightly to 
120-140 |x. In January spermatid production begins and a few tubules in a 
section show an enlarged lumen surrounded by several rows of spermatids. 
Early in February elongating spermatids are found, and later in the month 
mature spermatozoa are produced. From March to July the weight of one 
testis is 1-25-2-0 gm. 

The intertubular elements of the testis are most reduced during October and 
November; the interstitial cells are small (110-120 sq jx) and their cytoplasm 
contains few granules and stains faintly with eosin. During the preparation 
for breeding activity the interstitial cells gradually enlarge, their cytoplasm 
becomes more densely granular and stains intensely, and fats and lipoids 
accumulate. The maximum glandular development is reached when ripe 
spermatozoa are appearing in the seminiferous tubules, i.e., in February, 
although the accumulation of fat continues, so that the cells increase somewhat 
in size until the middle of the breeding season. 

The weight of the epididymis during anoestrus varies up to 0*160 gm, while 
the diameter of the tubule is 80-110 (4. 

Effect of Urine of Pregnancy Extract Alone —In our experience anterior 
pituitary or urine of pregnancy extracts have consistently failed to activate 
the atrophio testis of the anoestrous or hypophysectomixed male ferret. This 
is shown in the present material by FPL 17 (see Table I), which was given 
6 mg U.P. extract per day from December 20-December 29, and in which the 
testes were actually more atrophic than those of the untreated male killed 
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two days later (FPL 18). The seminiferous tubules in FPL 17 were small and 
a large proportion contained only spermatogonia and Sertoli cells, but unlike 
the normal tubules of this type, there was a large empty lumen, fig. 2, Plate 17. 
The remaining tubules contained fairly numerous spermatocytes, which were 
scattered and irregular. It would appear that the injections had actually 
retarded the development of the testis since it had remained in much the same 
condition as in the depths of anmstrus, and the empty vacuolated tubules 
gave an added appearance of regression. The interstitial cells showed no 
change from the anoestrous condition. 

Effect of Light Alone —The left testes of two ferrets (FPL 14 and 15) put on 
light on October 12 were removed on November 28 after 47 days treatment. 
They were much larger (see Table I) than normal ones at this time of year. 
The seminiferous tubules were somewhat larger (136-150 |x), but individual 
variation in diameter was greater than in a normal testis. The spermatogenic 
activity also varied much from tubule to tubule, fig. 3, Plate 17. The majority 
of tubules contained numerous primary spermatocytes but a few were lined 
only by a single row of cells, Sertoli nuclei and spermatogonia. Occasional 
tubules, however, were producing spermatids, of which some were beginning 
to elongate. The testis, as a whole, therefore, is comparable to that of 
Bissonnette's ferret which had 71 days of light treatment. 

The interstitial cells were strikingly different from the normal, having 
enlarged to breeding season size (288-335 sq y); the compact islands lying 
between the half-developed seminiferous tubules were therefore much more 
conspicuous than the interstitial tissue in the normal testis at any period of 
the reproductive cycle. This development of the interstitial cells may have 
accounted for someof the increased weight of the organa (0-71 and 0-89 gm) 
which was high for the degree of activity of the seminiferous tubules. The 
observations correspond with those of Bissonnette. 

The epididymis similarly showed advance over the normal histological 
condition, the tube being enlarged (133-145 p) and the epithelial cells appearing 
more active. 

FPL 13 was kept on light without other treatment till January 1, when it 
was killed after 81 days evening illumination, 10 days longer than Bissonnctte’s 
first male. During this period it had mated with 3 light-treated females, 
on December 18, 19, 22. Each of these females became pseudopregnant, 
although two of the copulations were very brief. When FPL 13 was killed on 
January 1 it was seen that the testes were large and vascular, and spermatozoa 
were found in a smear from the epididymis. Histological examination con- 
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finned this obaervation. The Beminiferous tubules were in spermatogenio 
activity and the majority contained spermatozoa, fig. 4, Plate 17, but pro¬ 
duction of mature spennatozoa could not have been proceeding for long, since 
they were present in large numbers only in the caput epididymis. This result 
agrees with the fact that the mating 10 days earlier was sterile. The islands 
of interstitial cells were leas conspicuous than in the left testes of FPL 14 and 
15, owing to the enlargement of the seminiferous tubules (171 p.) and the 
consequent return to the normal relative proportions of tubular and inter- 
tubular elements, but they were fully developed in size and glandular appear¬ 
ance. The epididymis was more advanced than in FPL 14 and 15, the tube 
measuring 163 ji in diameter, and the non-vibratile threads of the epithelium 
were fully developed. 

Effect of Light and U.P . Extract Combined —Immediately after the left 
castration of FPL 14 and 15 injections of U.P. extract were started, 5 mg per day 
was given for 6 days, the evening illumination being continued, at the end of 
which period the animals were killed (December 4) and the right testes fixed. 
The right testes and epididymides of FPL 14 and 15 showed little advance in 
weight over the left organs examined after 47 days of light alone, but there 
was a definite increase in spermatogenic activity in the seminiferous tubules. 
Approximately half these contained several rows of spermatids which frequently 
were elongating to form spennatozoa, fig. 5, Plate 17. Although few mature 
spennatozoa were found in the testis, a small number had reached the upper 
coils of the epididymal tube in one of the animals, FPL 14. There had been 
no increase in the diameter of the seminiferous tubules, and the interstitial 
cells resembled those in the left testes. 

If these results are compared with those recorded in the previous section, 
it is evident that the stimulation of the testis had been expedited by the U.P. 
extract. A third light-treated ferret (FPL 16) was therefore given U.P. 
extract. This animal, which was also put on light on October 12, had sterile 
matings with light-treated females on November 22, and December 4, and 13. 
Beginning on December 18, after 67 days on light, 5 mg was given for 10 days, 
the light treatment being maintained. On December 28, the day after the 
last injection, the right testis was removed. The weight was up to breeding 
season standard, and a vigorous suspension of spermatozoa was obtained from 
the epididymis. Histologically, all tubules of the testis were in active spermato¬ 
genesis, fig. 6, Plate 17, and spermatozoa were present in the epididymal tube 
throughout ite entire length, and had passed into the upper port of the vas 
deferens. This testis, compared with those of FPL 13, shows that a definite 
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acceleration of spermatogenesis had been produced by the U.P. extract. 
Considering this result in relation to the earlier ones described above, it appears 
that U.P. extract can only affect the spermatogonia tubules when they have 
reached a certain stage of spermatogenesis, probably when secondary spermato¬ 
cytes have been produced, but not before. On the day following removal of 
the first testis, December 29, the male was mated with FPL 2, a light-treated 
female in full oestrus. Copulation was prolonged to 1 hour 20 minutes, and 
the female became pregnant. 

On January 1 the male was mated to another light-treated female (FPL 7). 
Copulation lasted 2 hours 10 minutes, and a vigourous suspension of spermatozoa 
was obtained from the vagina. This female also became pregnant. The male 
was taken off light on January 4 and killed on January 16, when the left 
testis was still in full activity. Two more normal controls killed on January 
12 (FPL 19 and 20) were still only showing the first signs of breeding season 
activity, fig. 7, Plate 17, and, Table I, and there can be no doubt that the 
induction of spermatogenesis in the four males during December must be 
attributed to the experimental treatment. 

V —Course of Pregnancy and Lactation 

The results described in Section VI were not available at the time and 
as it seemed probable that FPL 2 and 7 would become pregnant following the 
matings described in Section TV, they were kept on evening illumination. 
The vulvre subsided normally during the fortnight after mating, and at 3 
weeks foetuses could In? palpated in both animals. The subsequent course 
of pregnancy was uneventful. A few days before full term the animals were 
given bedding and proper accommodation for littering down. This, of course*, 
reduced the amount of illumination during the evening. FPL 2 had a litter 
of 9 young on February 8 and FPL 7 one of 10 on February 11, the period of 
gestation being 41 days in both and therefore quite normal. FPL 2 suckled 
4 of her litter well until dying of distemper on March 7, by which time the 
young were so advanced that rearing was completed by hand. FPL 7 suckled 
the whole of her litter until developing a mammary abscess on February 
18, which necessitated the removal of the young. The abscess was cleaned 
up surgically, and the animal was in heat again 3 weeks later. 

VI —Effect of Terminating Extra Light after Ovulation 

Bissonnette’s results made it evident that the usual pseudopregnant changes 
followed sterile copulation if the light treatment was continued. The work 
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recorded above showed that pregnancy and lactation would develop normally 
under these conditions. It seemed desirable, however, for both theoretical 
and practical reasons to find out whether continuance of evening light was 
essential for the occurrence of the typical post-ovulation changes after mating 
at induced oestrus. 

Three females in induced oestrus were therefore mated and left on evening 
light; three others were mated and taken oil evening light. All the matings 
were sterile. The lighted animals were killed at 17, 27 and 38 days p.c., and 
the unlighted ones at 14, 28 and 42 days p.c. The details are shown in Table II. 
Examination of the ovaries showed that the life history of the corpora lutea 
of those receiving extra light p.c. had been essentially normal, the full diameter 
of rather over 2 mm being attained at 4 weeks p.o. In the series receiving no 
extra light p.c. the corpora lutea were fully up to normal size at 2 aud 4 weeks. 
At 6 weeks (FPL 4) the average size of the 17 corpora lutea in the two ovaries 
was 1*24 mm. Hammond and Marshall's figures for the largest corpus luteum 
at 5£, 6 and 7 weeks pseudopregnant are 1 -65,1 *98 and 1-11 mm, respectively, 
and 1-33 mm at 6 weeks p.c., just after parturition. These figures obviously 
indicate a wide range of variation, and in view of this the corpora lutea of 
FPL 4, though small, cannot be considered abnormal. 


Table II 




Day* 




Average 

No. of ferret 

Date mated 

on 

light 

at 

Subsequent 

treatment 

Days 

killed 

p.c. 

No. of 

corpora 

Lutea 

diameter 

corpiu 

luteum 



mating 



(mm) 

FPL fl 

. December 13 

02 

Continued light p.e. 

17 

10 

209 

FPL 5 . 

December 19 

08 

i* 

27 

10 

2* 14 

FPL 3 

November 22 

41 

if 

38 

11 

1-83 

FPL 8 . . 

December 22 

71 

No extra light p.c. 

J4 

12 

207 

FPL 11 

December 18 

07 

I* 

28 

20 

210 

FPL 4 . 

December 4 

S3 

»» 

42 

17 

1 -24 


Histological examination of the uteri pointed to the same conclusions. At 
4 weeks p.c. the typical pseudopregnant proliferation in the uterus was well 
developed in both series, showing that the corpora lutea were both physiologically 
and morphologically normal in the absence of extra light p.c. The uterus of 
FPL 3, 38 days p.o., had obviously been very well developed, but regression 
was just setting in. FPL 4, 42 days p.c. without extra light, was far regressed 
from the pseudopregnant condition, a finding in keeping with the small size 
of the corpora lutea. The reproductive organs of this animal, however, cannot 
be considered outside the range of variation found normally at the end of 
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pseudopregnancy. The mammary glands for both series showed the usual 
pseudopregnant condition. On the evidence of these six animals, therefore, 
it may be concluded that once the pituitary body has been stimulated by 
additional light, normal pseudopregnancy will follow ovulation without further 
treatment. In this connection, it may be noted that one light-treated female 
in full oestrus on January 16, was taken off extra light for 5 weeks without any 
change in the vulval swelling. Evidently, the pituitary remains activated for 
Borne time after the withdrawal of the stimulus of additional light. 



Fjg. 1—8ize of corpora hi tea with and without extra light poot-ooitum. - * - - with extra 
light; -without extra light. 


VII —Discussion 

The experiments described above add little to our existing knowledge of 
the induction of oestrus by extra light in the quiescent female ferret, except to 
emphasize the individual variation in the length of the latent period and to 
suggest that an unusually large number of ripe follicles may be found at light- 
induced oestrus. Further results have been obtained, however, with the 
quiescent male. Full spermatogenesis was caused by extra light in 11} weeks, 
and there can be little doubt that if Bissonnette had left his male on light 
another 2 weeks he would have attained the same result. The stimulating 
action of light was much augmented by administration of U.P. extract, the 
production of spermatozoa having started in one such dually treated animal 
in the first week of December. It seems probable that the breeding season of 
ferrets may now be greatly extended. 
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With a gestation period of 0 weeks, an essential lactating period of at least 
6 weeks, and a pro-oestrus of 2-3 weeks, the minimum time for a complete 
cycle is nearly 4 months, so that the rearing of three litters per year is about the 
most that can be hoped for from a single female. This should be quite 
practicable. 

Since ferrets normally cease to breed early in August when there is still 
17-18 hours' daylight, it is not clear how they could be kept in breeding con¬ 
dition during August and September. On the other hand, females getting 
pregnant in July or early in August carry and suckle their young quite normally, 
although the latter are not ready for weaning till the end of October. Such 
females could be brought into oestrus again and mated by the end of the year. 
Their first litter of the season would therefore be born in the middle of February 
and weaned early in April. By the end of April they would be in oestrus and 
pregnant again, the second litter being bom early in June and weaned towards 
the end of July. This would enable them to come into oestrus again naturally 
just before the end of the normal breeding season. On this scheme, males put 
on to light at the beginning of October, would be fertile and ready for mating 
at the end of the year, and U.P. extract treatment would be unnecessary—a 
practical convenience for the breeder. On the other hand, females which 
failed to get pregnant again at the end of the normal breeding season could be 
put on light towards the end of September, brought into oestrus during 
November and mated with males given U.P. preparations after 6 weeks light. 
The same technique should be possible with young females bom early in the 
year. The only possible pitfall is that starting the breeding season early may 
have the effect of reducing it at the other end, but there seems no reason why 
this should happen. Certainly a healthy, well-fed ferret ought to be able to 
stand the strain of having three litters per year. 

Note added in proof June 29, 1934—Dr. T. H. Bissonnette has very kindly 
informed us in a private communication that he also obtained spermato¬ 
genesis in ferrets by light treatment during the 1933-4 ancBstrus. 

We are indebted to Major G. W. Dunkin for information as to the normal 
breeding season of ferrets. 


VIII —Summary 

1—Twelve female ferrets were put on to evening illumination on October 12. 
One came into oestrus in November, 8 in December, and 2 in January. One 
failed to show vulval development even after ft months. 
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2— Foot males were put on light at the same time . Two of these ware left¬ 
oastrated on November 28, after 47 days on light. Immediately afterwards 
they were given 10 rabbit units of urine of pregnancy extract for 6 days and 
then killed. The left testes contained no later stages of spermatogenesis 
than spermatids, but the right testes, under the influence of the U.P. extract, 
had just begun to produce spermatozoa, of which a few were found in the epididy¬ 
mis. A third light-treated male was given 10 units U.P. extract from December 
18-27, at the end of which time it was fully functional and was producing masses 
of spermatozoa. On December 29 and January 1 it mated with light-treated 
females. The fourth light-treated male was killed on January 1 after 81 
days light, and was found to be producing large numbers of spermatozoa. 

3— It is concluded that prolonged light-treatment will activate the quiescent 
male ferret, but that the later stages of the process can be accelerated by 
administration of U.P. extract. The latter by itself has no stimulating effect 
on the quiescent testis. 

4— The two females mated with the fertile male on December 29 and January 
1 had normal pregnancies and litters of 9 and 10 respectively on February 8 
and 11. 

5— Experiments on pseudopregnant light-treated females showed that the 
post-ovulation changes take place normally even if the evening light is dis¬ 
continued after ovulation. 
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DESCRIPTION OF PLATES 

Guide Letter* — 8PQ f spermatogonium. 8PC, apermatooyte. 8PT, spermatid. ESP, 
elongating spermatid, SPZ, spermatozoa. 1C, interstitial oell. 

Plats 17. 

Fto, 2—Testis of FPL 17 obtained Deoember 30 after receiving 10 units UJ. extract per 
day for 10 days. Testis very atrophlo. x 144. 
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Fig. 3—Testis of FPL 15, obtained on November 28 after 47 days evening light. Develop* 
ment to spermatid stage. X 144. 

Fig. 4—-Testis of FPL 13, obtained January 1 after 81 days evening light. Active pro¬ 
duction of spermatozoa. X 144. 

Fig. 5—Right testis of FPL 14, obtained on December 4 after 47 days evening light, and 
0 days evening light plus 10 units per day U.P. extract. Development to immature 
spermatozoa stage. X 144. 

Fig. 6—Right epididymis of FPL 10, after 67 days evening light plus 10 days evening 
light and administration of U.P. extract. Masses of spermatozoa present, x 144. 

Fig. 7—Testis of FPL 30, obtained on January 12, normal untreated animal. Develop¬ 
ment to sooondary spermatocyte stage only, x 144. 

Plat* 18 

Fig. 8—Ovary of FPL II, 28 days p.o., no extra light p.c. Corpora lutea vory numerous 
and fully developed. X 12. 

Fro. 0—Uterus of FPL 5, 27 days p.o., evening illumination p.o. Normal pseudoprognant 
condition, x 13. 

Fig, 10—Uterus of FPL 11, 28 days p.c., no extra light p.o. Normal pseudopregnant 
oondition. X 13. 

Fig. 11 —Higher magnification of part of endometrium shown in fig. 0, x 200. 
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597 • 58 • Pseudapocryptes 

The Habits and Structure of Pseudapocryptes lanceolatus, a fish in 
the First Stages of Structural Adaptation to Aerial Respiration 

By B. K. Das, D.Sc., Professor of Biology in the Osmania University, 

Hyderabad, India 

(Revised and abridged by B. W. MacBride, F.R.8.—Received April 19, 1934) 

[Plates 19 and 20] 

Introduction 

Two short accounts of the habits of Pseudapocryptes lanceolatus were com¬ 
municated by me to the Indian Science Congress and were published in the 
Proceedings of the Congress, Das (1930), Das (1932). 

There are 11 Indian genera of the family Gobiid© which include 89 species. 
Tho genus Pseudapocryptes has been reported from the coasts of India, Burma, 
the Andaman Islands, and the Malay archipelago. The specimens of Pseuda¬ 
pocryptes lanceolatus studied were obtained from the estuary of the Ganges, 
chiefly from Port Canning and Diamond Harbour, not far from Calcutta. 
The fish is often brought to the Calcutta market and is especially abundant 
during the months of October and November. 

Structure 

The fish, fig. 1, Plate 19, is ecl-like, cylindrical, about 15-2 cm in length and 
5-6 cm in girth. It is covered with small cycloid scales (1 • 1 mm X 0*7 mm) 
and it is very slippery because many of the ectoderm cells are glandular. It 
burrows in the mud in search of its prey, but when the pools in whieh it lives 
dry up, it buries itself in the wet mud beneath the superficial dried-up crust 
and thus avoids desiccation. 

The pectoral fins are well developed; the pelvic fins are thoracic in position and 
ore united to form a sucking disc in the manner typical of tho Gobiidso, fig. 1, B, 
Plate 19, and fig, 2, A, vd. As usual there are on each side four gill arches, 
each bearing two series of gill-filaments ; the fourth gill is the shortest. In 
the first gill the outer row of gill filaments is only two-thirds as long as the 
inner row. Each primary filament is subdivided into a number of small 
leaf-like secondary filaments. Such a subdivision of the filaments has been 
observed by me in several species of Siluroid and Cyprinoid fish, but not so 
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developed as in Pseudapooryptes. In Oobius giuris a typical water-breathing 
Gobiid, Becondary subdivision of the gill filaments also occurs, but it is not 
strongly developed, and about one-fifth of the distal portion of each filament 
remains undivided. The opening of the opercular cavity of this fish is quite 
large and it lives for some time after being removed from water. In a small 
mullet {Mugil cascasia) which I have studied, the subdivision of the gill filaments 
also occurs. This fish habitually lives in clear water, but it occasionally makes 
excursions into muddy localities. It does not survive, however, for moro than 
5 or 10 minutes after being taken out of water. 



A B C 


Fig. 2—A ventral, B dorsal vievreofthe front part of Paeudapocryptes, } sire. C (for com¬ 
parison) dorsal view of the front part of Amphipnous, I size. Ol. op., glandular rim 
of operoulum. Op. eA., opercular chamber. P./., pectoral fin. PA./., pharyngeal 
lung of Amphipnous. Vd. t ventral disc. 

The opercular opening of Pseudapocryptes , fig. 2, A, gl. op., is a narrow 
vertical slit about 8 mm in length, situated immediately in front of the base 
of the pectoral fin. The opercular chamber is sac-like, almost globular, and 
the opercular bonoH ore thiu and clastic; the branchiostcgal membrane is 
supported by four elastic rays. The edge of membrane (i.e., the rim of the 
opening) is thick and fleshy and it is coverod by a thick epithelium including 
a large number of mucous cells. The secretion of these cells glues the oper¬ 
cular rim closely to the side of the body, when the fish protrudes its head 
from the water and begins to breathe air. The opercular chamber is thus 
converted into a lung; the proper air-bladder of this species, as of all Gobiid», 
is pbysoolistouB. Parasitic copepods are very abundant, adhering to the 
membrane of the buccal cavity, the gill arches and the gill filaments. 

The inner wall of the opercular chamber is riohly vascular and is innervated 
by the hyomandibular branch of the 7th norve. The lining of the buccal 
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cavity is also richly vascular* In two groups of air breathing fish which I have 
described (Das, 1927), the OphiocephalideoandtheSymbranchidfiB( J 4mpAipnot«) t 
this vascularity of the opercular and buccal chambers is also to be seen, but 
in the other air-breathing types described by me, t'.e., Anabas , Clarias, and 
Saccdbranchns y the rich vascularity is confined to the special air-breathing 
organs found in these fish. On the other hand, in some small siluroid fish (c/1 
Maorones oavasiua and M. viUotus) which are denizens of muddy water, a 
Blight increase in the vascularity of buccal and opercular cavities can be 
observed. As these fiBh can survive an exposure to air of several hours, quite 
probably this vascularity is an indication of the beginning of an air-breathing 
habit. [The ordinary blenny ( Blennius pholis) which is a denizen of tho rook 
pools on the Britioh coast can also survive for several hours out of water. 
—E. W. M.J 

Under normal conditions Pseudapocrypies comes to the surface at intervals 
to swallow air ; tho length of these intervals varies from 1 minute to 10 minutes 
accqrding to the temperature and oxygen content of the water. When confined 
in on aquarium with impure water the fish rise at once to the surface protruding 
the front half of the body, as far as the pectoral fins, into the air, and they look 
like large tadpoles as they jostle one another in their efforts to attain the 
surface. In fact, one-third of the body (2 inches) may be protruded, fig. 3, 
Plato 19. Tho opercular chambers which are kept firmly closed by the pres¬ 
sure of their rims against the body swell out like little balloons. The closure 
of the opercular cavities is made more secure by the pressure against the margins 
of the fleshy bases of the pectoral fins. When in this condition the fish are 
supported by the outspread pectoral fins and float passively at the surface 
of the water, with their snouts protruding, fig. 4, Plate 20. After an interval 
of about 2 minutes they sink and then the air is expelled chiefly through the 
mouth, but occasionally a few bubbles are emitted from beneath the opercular 
rim which is slightly raised. The air is expelled by contractions of the muscles 
surrounding the operculum; the contractions cause a sharp clicking sound as 
the fish sinks. 

When under the water the fish carries on ordinary branchial respiration,, 
making 60 to 80 breathing movements per minute under normal conditions,, 
fig. 6, Plate 19. They sometimes cling to the side of the receptacle in which 
they are placed using for this purpose the ventral sucking disc composed of 
the pelvic fins. 

When out of water under normal conditions they can progress over land 
using for this purpose the spread-out pectoral fins, which are employed alter- 
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nately as sculls. The tail which is pressed against the ground by its lateral 
movements also aids in the process. They can even leap by flicks of the tail 
covering as much as 2 feet at a time. As they live in the tidal reaches of 
streams they are frequently left high and dry by the obb-tide, and then they 
progress over the wet sand and mud, so as to reach the water in time to avoid 
being dried up. Ah observations on their behaviour in aquaria show, they 
can and do occasionally use their pectoral fins under water as they do on land, 
viz., to enable them to creep over the bottom. 



Pw. 6—The afferent branchial system of Pseudapocryptes lanceolatus. Af. hr. 1, Af. hr. 2, 
Af . hr . 3, Af. hr. 4, the first, second, third, and fourth afferent branchial arteries. Af. of., 
afferent offshoot from branchial system (i.e., bnoco-operoular artery). An. v., annect¬ 
ent vessel joining the second afferent branchial and the bucoo-opercular artery. B. A r., 
bulbua arterionu of the heart. Buc. ar„ buccal artery. Buc. cap. 9 buccal capillaries. 
Op. or., opercular artery. 


Quite a considerable number of shore fish which exhibit no detectable 
modifications of structure adapted for air-breathing can live out of the water 
for a considerable time. Such are Agonus (the armed bull-head), and ilnnar- 
hioa$ (the wolf fish). Among fresh water fish the South American Siluroids 
Doras and Cattidhys may be mentioned. PerioptAalmus, the mud-skipper, 
which was formerly believed to respire through the ski n of its tail, has pharyngeal 
poaches with a rich vascular lining similar to the pouches of Pseudapocryptes. 
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The Vascular System 

As there are four gills so there are four afferent branchial arteries arising 
from the ventral aorta. The 3rd and 4th come off from a common stem and 
the 4th is much the smallest in correspondence with the reduced size of the 
gill which it supplies. From the first afferent vessel about a third of its length 
above its origin from the ventral aorta a very large artery is given off which I 
propose to oall the buceo-opcrcular artery. It divides into two branches: one, 
the buccal, supplying the lining of the buccal cavity, and the other the oper¬ 
cular, the lining of the operculum. The opercular artery runs over the dorsal 
wall of the operculum and gives off six descending branches which again 
branch and anastomose with one another forming a network covering the inner 
surface of the opercular cavity. It is to be noted that whilst the buoco- 
operoular artery arises from the first afferent branchial artery, it also receives 
a small branch from the second afferent artery. The air chambers of the 
Ophiooephalidee are also supplied by arteries arising from the first two afferent 
branohial arteries (Lele, 1932). 

The blood is collected from the wall of the opercular cavity by a set of 
six or seven veins running upward parallel to, and alongside, the descending 
arteries. These veins unite in the dorsal angle of the opercular cavity to form 
a main opercular vein which enters the jugular (i.e., the anterior cardinal) 
vein of the fish and thus reaches the heart. The anterior cardinal vein thus 
delivers mixed blood to the heart (as does the brachial vein in the frogwhioh has 
a cutaneous feeder returning oxygenated blood from the skin). The blood 
whioh is purified in the gills is, as is normal, returned by four efferent arteries. 
The two first unite to form an anterior suprabranohial and the two hinder ones 
form a posterior Buprabranchial, and these two suprabranohials on each side 
unite to form the dorsal aorta. 

The jugular (anterior cardinal vein) also carries mixed blood in the air- 
breathing fish Ophiocephalus Anabas and Ampkipnous. 

Physiological Experiments 

From a large number of experiments conducted during the months of April, 
May, and June, a few typical examples may be selected and their results 
briefly given. 

(a) Experiment designed to test the necessity of aocess to air under normal 
conditions. 
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Fishes kept in ordinary tank water as already noted come to the surfaoe at 
intervals of from 2 to 10 minutes in order to obtain air. Whilst under water 



FlO. 7—Efferent branchial system of Pseudapocryptes lanceolatus. 31, r., small blood 
reservoir. O. am. c., capillaries on the anterior part of the baooal cavity. Cor. or., 
oarotkl artery. Circ. cepk., olroulus cephalic oh. Col . me*., ooeliaoo-mesenteric 
artery. D, a o. f dorsal aorta. Ep, or,, small arteries supplying the epibranohlal 
regions of the 1st, 2nd, and 3rd gill arches. Ep. or., similar artery supplying the epi- 
branohial region of 4th aroh. Ep, br. 1, Ep, hr. 2, Ep, br. 3, Ep. hr. 4, the first, second, 
third, and fourth epibranohlal arteries. Ex. car,, external carotid artery. Ini. car., 
internal carotid artery. Oes. a„ oesophageal artery. Pact, a., artery to pectoral gill. 
Pdv. a., artery to pelvic fin. Ph, pf„ artery to the posterior part of the floor of the 
pharynx. R. mea., small arteries to the posterior part of the roof of the pharynx. 
Sub, a„ subclavian artery. Sup. or., suprapharyngeal arteries. 

their branchial respiratory movements average from 60 to 80 per minute. 
When, however, such a fish is placed in a jar of tank water at the ordinary 
temperature and is prevented from reaching the surface by the interposition 
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of a perforated sine plate sunk a few inches in the water, then it at first rises 
about every 5 minutes and dashes its snout against the plate in the endeavour 
to reach the air. When it has failed to do so a number of times, it becomes 
much excited, dashing to the surface at least once a minute; meanwhile 
branchial respiration under the water becomes much accelerated, the move¬ 
ments sometimes reaching 150 per minute. Complete asphyxiation and 
death transpired in ID to 20 hours. It will be recollected (Das, 1927) that the 
complete asphyxiation of Anabas under similar circumstances was accomplished 



Fra. 9—The graphs showing change in branchial respiratory movements with time, in 
three specimens of Psevdapocryptes during asphyxiation by exclusion from aooess to 
air. 


in 35-40 minutes; and therefore the need of Anaba* for aerial respiration is 
much greater than that of Pseudapooryples. 

(b) Experiments to show the necessity of intact opercular chambers for 
air breathing. 

When specimens of Pseudapocryptea are removed from the water entirely 
and left on the marble floor of the tank room they die from desiccation in 
times varying from 40 minutes to 2 hours. But until they become com¬ 
pletely exhausted they continue rapid air breathing. Hie opercular chambers 
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may be seen to swell out and collapse at intervals varying from 5 seconds to 
2 minutes. 

When one operculum is removed the fish endeavours still to swallow air 
and the intact opercular chamber carries out respiratory pulsations. These 
pulsations ceased in 50-60 minutes and all trace of body movement stopped, 
death ensuing in one fish in 1 hour and 8 minutes; in another fish in 1 hoar 
and 40 minutes. 

When both opercula are removed the fish continues gasping movements and 
air escapes through the gill slits. Death ensued in 1 hour and 30 minutes. 

A control fish with uninjured opercula lived for 3 hours. 

In conclusion, I wish to express my thanks to my former teacher, Professor 
E. W. MacBride, for revising and condensing the original MSS of this paper 
and communicating it to the Society for publication. I have to thank also 
my friend Mr. R. Norman, Keeper of Fish in the British Museum, for checking 
the specific names used in the paper. My thanks are also due to my friends 
Messrs. T. N. Podder, B.Sc., G. K. Chakravorty, M.Sc., H. P. Roy, M.Sc., 
and G. M. Das, M.Sc., for help in carrying out the physiological experiments. 

Summary and Conclusions 

The facts adduced in this paper justify the conclusion that aerial respiration 
at intervals depending on the temperature is a physiological necessity to 
Pseudapocryptes lanceolatus in the conditions under which it lives. It is also 
clear that the air is absorbed mainly by the lining of the opercular chamber and 
that this chamber is adapted to this function by a rich vascular supply and by 
the thinness and elasticity of the opercular bones. Further, there is an 
adaptation which enables the operculum temporarily to be completely closed. 
It has long been known that fish belonging to the families Cyprinoidea and 
Siluroidea which show no structural adaptations to air breathing will never¬ 
theless come to the surface and swallow air when the oxygen tension in the 
waters in which they live is low. [In England the stickleback Oasterosteus 
has been observed leading a healthy life in water so polluted with sewage that 
it contained no oxygen whatever. Under these circumstances the fish must 
have depended entirely on aerial respiration.—E. W. M.] 

This casual resort to air has been termed “ Notatmung.” Pseudapocryptes 
therefore stands midway between fish such as these and more specialized 
air breathers like Anabas and Clarias where definite respiratory organs are 
developed as outgrowths from the gill-arches and project into the opercular 
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cavity. In these the rich vascular supply is confined to the specialized organs. 
The Ophiocephalidas are in an intermediate condition between Pteudapocryplet 
and Anoint. In them the inhaled air is received into dorsal pockets of the 
pharynx. But not only these pockets but sIbo the whole dorsal wall of the 
pharynx has a rich vascular supply and doubtless respiratory activity is 
shared by the whole dorsal wall of the pharynx. 

The study of air breathing fishes gives the clearest proof that in evolu¬ 
tion, function changes first and modified structure follows long after, when 
changed function has lasted long and become deeply ingrained in the con¬ 
stitution. 
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DESCRIPTION OF PLATES 10 and 20 

FlO. 1—A, lateral; B, ventral; C, dorsal views of Pseudapocryptes lanceolatus. About 
two-thirds natural lire. OL op., glandular opercular rim. Vd., ventral (i.e., pelvic) 
fins. 

Fjq. 3—Behaviour of a group of Pseudapocryptes kept in a bucket with foul water. The 
fish an all rising to the surface and inhaling air. Two of them by the aid of their 
ventral discs and pectoral tins have succeeded in protruding their bodies 2 inches 
from the water. 

Flo. 4—Behaviour of Pseudapocryptea after having inhaled air (about one-third natural 
sise). The fish are seen with swollen opercular chambers hanging vertically from 
the surface of the water. 

Fto. 5 —A number of Pseudapocryptei resting on the bottom of the tank after having 
exhaled the air which they had swallowed. 

no. 8—Inner aspect of the right operculum of Pseudapocryptei lanceolatus showing the 
vascular supply (Blooh and Schneider). Op., attachment of openmlum to skull, out 
aocoss. Op. opercular vein. Op. a., opercular artery. Op. r. 9 opercular fleshy 
rim. 
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The Relative Aetiological Importance of Birth Order and Maternal 

Aye in Mongolism 
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Counties 1 Institution 
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Revised May 16, 1934) 

I 

Mongolian imbeciles are very often born last in a long family. This fact, 
which was pointed out many years ago by Shuttleworth (1909), has led clinicians 
to believe that mongolism is to some extent a product of the exhaustion of 
maternal reproductive powers due to frequent child-bearing (Still, 1927 ; 
Fantham, 1925). The conclusion is widely accepted with the reservation that 
the affected child is not necessarily born at the end of the family (Thompson, 
1925). Several cases are first-bom, in fact, and it is sometimes stated that the 
condition occurs more frequently in first and last children than in other ordinal 
positions. There is, however, ample evidence that mongolian imbeciles have 
a significantly later birth rank than normal children (Hogben, 1931). 

It is also established, from large numbers of figures which have been collected, 
that the maternal age at the birth of mongolian imbeciles is unduly high. 
Though some of these imbeciles have young mothers, most of the cases (about 
70%) are bom after the mother has reached the ago of 35 years. Thus the 
maternal age itself is likely to be an aetiological factor quite as important as 
birth order. I know of no serious attempt, however, to distinguish between 
the aetiological significance of these two factors : to do this is the task I have 
undertaken. 

In an article published recently (Penrose, 1933) I have attempted to show 
how statistical methods may be used to disentangle the probable aetiological 
effects of paternal and maternal age in mongolism. The results indicated 
clearly that paternal age need not be considered a significant causal factor; 
we shall therefore not refer to it in the present discussion. 

There is another factor which has been asserted by some writers to be of 
causal significance. The interval between the birth of a mongolian imbecile 
and the birth of the child which immediately precedes it is found, on the average, 
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to be significantly longer than the corresponding interval preceding normal 
births (van der Scheer, 1927); that is, the mongol apparently follows a period 
of diminished fecundity (Jenkins, 1933). This question of length of preceding 
interval is intimately bound up with the main question 1 am considering here 
and it will be referred to in the course of the discussion. 

The investigation of the facts, on which the present argument is based, was 
carried out as part of the work of the research department of the Royal 
Eastern Counties’ Institution. It involved the accurate determination of the 
maternal age at the birth of all offspring in 217 sibships each containing one 
or more mongolian imbeciles. The birth order was also recorded with particular 
care : miscarriages and stillbirths were deemed to affect, the ordinal number 
of subsequent births, but they have been excluded from the data as presented 
here. It is very uncertain whether they represented offspring affected or not 
with mongolism and I wished to include in the data only those individuals in 
the 217 sibships of whom it could be said with certainty that they were either 
mongolian imbeciles or normal. The sibships, giving the birth rank and 
maternal age for each known individual, are set out at the end of the paper, 
and a summary is given in Table I. Altogether these particulars concerning 
1031 persons, 807 normal children and 224 mongolian imbeciles, are recorded. 
A glance at the distribution iB sufficient to show that there is good reason for 
supposing that both the birth ranks and the maternal ages are significantly 
higher for affected than for normal children. About 60% of the affected 
children are born last and the great majority of the families urc completed. 
We will proceed to investigate how far this displacement of affected offspring 
towards the end of the sibship can be attributed to the late maternal ages at 
which affected offspring arc moat frequently born. 

II 


The following constants were calculated from the distribution given in 


Table I. 

Number 

Mean maternal age 
at birth ($) 

Standard deviation (o ff ) 

Affected children (M) . 

224 

yean 

37-416 

yean 

Normal children (N) . 

807 

31*312 

— 

Total children (TJ . 

1031 

32-638 

6-778 


The mothers are, on the average, more than 6 years older at the births of 
the affected than at the births of the normal individuals. This is a highly 




(Suffixes in bold type indicate Mongols) 
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significant difference, for it is more than 10 times the standard error, which is 
a t . VT/MN or 0*61 years. 

The following results are obtained, by making similar calculations, for birth 
order. 

Number Mean birth rank* ( f) Standard deviation (a/) 

Affected children (M). 224 5-05 — 

Normal children (N) 807 4*61 — 

Total children (T) 1031 4-83 3*34 

* The concept of mean birth rank (mean ordinal position) U a statistical fiction useful in this 
problem ; it involves using imaginary unite—fractions of a plaoe or rank—which have no mean¬ 
ing exoept in averages. The averages given here are therefore dmply shorthand description 
of complicated distributions. 

The difference between the mean birth ranks of affected and normal children 
is 1-04 with a standard error (a,. VT/MN) amounting to 0-25. There is 
a significant discrepancy, but it is not so marked os in the case of maternal 
age. 

In considering the question of birth order, we have not yet allowed for the 
effect brought about by the presence in the data of families of varying sizes. 
If human families were all of uniform size the expected mean birth rank, in 
any group of selected individuals distributed at random in respect of position, 
would be obtained by the ordinary methods of averaging. But human 
families vary in size from 1 to 20 or more pregnancies resulting from the same 
union. When families are selected, as they are here, by the presence of at 
least one affected member, the proportion of affected to normal children is 
greater in the small families than in the large. When the families in data 
such as these are pooled, the concentration of affected individuals in short 
sibahips with low birth ranks causes the mean birth rank of affected children 
to be relatively nearer to the beginning of the family than it would be if we 
were dealing with a representative sample of the general population. Neglect¬ 
ing to take this consideration into account has led Pearson (1907), for example, 
to assert that the first-born are more likely than children occupying the later 
birth ranks to be affected by certain diseases, e.g., tuberculosis. Yule and 
Greenwood (1914) have criticized Pearson’s conclusion and it is now generally 
accepted that, in estimating the probable number of affected children in each 
birth rank, the varying sizes of the families must be taken into consideration 
and accordingly weighted in the inverse ratio of their sizes. If more than one 
individual is affectod in the same sibahip, it is necessary to count the sibship 
once over for each affected member; that is to say, the sibships must be 
weighted directly according to the number of affected individuals they 
oontain. 
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The simple method, sometimes known as the Yule-Greenwood reconstruction 
(Thurstone and Jenkins, 1931), by means of which a good approximation is 
obtained to the expected number of affected children in each birth rank 
(Hogben, 1931) is not suitable to the present data owing to the gaps left for 
siblings of unknown type. It is necessary to modify the method so that we 
may treat each sibship separately. 

Let s be the number of known individuals recorded in the sibship and let a 
be the number of affected individuals in this sibship. The expected number of 
affected individuals in each birth rank, if they are distributed at random, is 
a/*. In each sibship only those ordinal positions already occupied are to 
have expectations attributed to them. In this way a table of expectations 
has been made out whose precision is equivalent to the accuracy of the original 
data. Examples of the expectations attributed by this method to various 
ordinal positions in different sibships are shown below:— 


Serial number 
of sibship 

1st 

2nd 

3rd 

Order of birth 
4th 

5th 

6th 

7th 

. 123 

0-200 

0-200 

0-200 

0-200 

.— 

0-200 

— 

4 

— 

.— 

_ 

_ 

.— 

— 

1-000 

102 

0-157 

— 

0-167 

0-107 

0-167 

0-333 

— 

108 

— 

— 

0-500 

0-500 

0-500 

0-500 

— 


Sibship No. 123 shows how gaps ore left for unknown individuals (mis¬ 
carriages, etc.). 

In sibship No. 4 the mother had other children by different fathers; the 
half-Bibs are purposely not recorded here. 

In sibship No. 102 twins occur; two individuals occupy the same birth 
rank (the 6th) and the expectation at this place is consequently doubled. 

In sibship No. 198 there are two affected persons, hence the total expectation 
is 2 ; the sibship is, in fact, counted twice over, once for each affected member. 

The sum of the columns of expectation in each ordinal place gave, for the 
whole 217 families, the values Bhown in Table II; they are compared with the 
observed numbers of mongols. 

These expectations, Table II, are the probable numbers of affected individuals 
in the 217 sibships, if the 224 affected children were distributed at random in 
respect of birth rank. 

The mean ordinal place in family (e M ) of affected individuals, if thus dis¬ 
tributed at random, is now estimated from the expected numbers by the usual 
process of averaging. Thus, 


(1 x 44-99) + (2 X 43*40) + (3 x 33-09) + ... 
224 


= 4*10 ordinal places. 



436 


L. S. Penrose 


Table II 


Rank 

Rxpootod number 
affected (cm) 

Oberved number 
affeoted (fu) 

lit 

44-99 

26 

2nd 

43-40 

27 

3rd 

33-09 

26 

4th 

24-46 

23 

0th 

18-63 

13 

0th 

lfi-15 

23 

7th 

13 32 

20 

Sth 

9-flft 

19 

9th 

6-47 

13 

10th 

4 91 

9 

11th 

2-10 

5 

12th 

2 45 

2 

13th 

2-06 

6 

14th 

1-60 

4 

15th 

0-76 

4 

16th 

0 17 

0 

17th 

0-30 

2 


The expected number of normal individuals in each birth rank ia obtained 
by subtracting the numerical values given above from the totals ( t) in each 
place, thus:— 

Order of birth t cm 

lBt 154 - 44-90 =- 109 01 

2nd 157 43-40 - 1I8-C0 

Ctt'. 

The corresponding mean value for expected positions of normals (? N ) is found 
to be 5-04. 

The differences between the observed mean values (/„ and / N ) and these 
expected mean values (c? M and e N ) indicate the real average displacements of 
the mongolian imbeciles and normals. Tin* displacements / M — e M and 
fs “ S iN are greater than the corresponding differences of / M and / N from the 
mean value / which have already been given above. Incidentally, if all 
the sibships had been of the same size, each containing the same 
number of affected children, e M and e s would have both been equal to/. In 
the present instance the total difference between the mean birth ranks of 
affected and normal children is really greater than it at first sight appeared to 
be ; it is increased by the reconstruction to 1 -98, t.e., (/ M — f v ) — (e M — e w ). 
This displacement is now more than seven times the standard error, 0-26. 
The effect of birth rank on the incidence of mongolism is therefore apparently 
of great significance, though it is not quite as marked as the maternal age effeot. 

Ill 

We are now in a position to calculate the expected number of affected 
children occupying each birth rank on the assumption that we only know the 
maternal ages for these individuals and not the orders of their births. It is 
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necessary first to calculate for any given rank the size of the deviation from 
M/T (the average proportion affected) which can be attributed to the effect of 
the maternal ages corresponding to the affected children in the given rank. 

We turn our attention to the first born and we find, from Table I, that the 
mean maternal age for first-born children (q x ) is 26-071 years. 

In order to find the moat probable proportion of affected to total first-born 
children, based on the knowledge of this mean maternal age, we use a regression 
which can be obtained from the distribution of affected and normal (M and N) 
given in the upright columns on the extreme right in Table T. The most 
probable deviation at any given maternal age, q , from (M/T) or 224/1031. 
the mean proportion affected, is given by multiplying q — q by 6, where 



The correlation is a simple biserial, 

= fa —and a u = VMN/T. 

Substituting the values which are already known, we find that b = 0-0226. 
Since = 26-071, 

b (fi — ?) = (0-0226) (26-071 - 32-638) 

= — 0-1483. 

From this fraction we obtain the expected numerical deviation in first born 
affected individuals by multiplying it by the total number of first-born children, 
154. 

Thus, (-0-1483) (164) = -22-84. 

The standard error of this expected deviation is 

• Vl - r„, 2 . Vm, i.e., ±4-76. 

Returning now to the figures given when the results of the reconstruction 
were compared with the observed numbers of mongols in each birth rank, 


§ II, we ascertain the following facts :— 

Total first-born children (t t ). 164 

Observed number affected (/*,) . 26 

Number of first bom estimated by reconstruction of 
the data on the assumption that affected children 
are distributed at random with respect to birth 
order («jh) . 44-99 
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Since the families in the data are not uniform in size, the average values, 
ti . M/T, ( a . M/T, etc., do not represent the expected numbers of mongola in 
each rank if birth order is random. The average tj. M/T has to be replaced 
by e M1 or 44*99. The deviation due to the effect of maternal age must be 
added to e M1 to obtain the expected number of first-born mongola. We there¬ 
fore add — 22*84 to 44*99 and the result, 22*15, differs from the observed 
number, 26, by 3*85. This difference is less than the standard error, 4*75, and 
is insignificant. 


Table Ill—Results of Analysis by First Method 


I 

II 

111 

IV 

V 

VI 

VII 

VIII 

1 

154 

26 

44-99 

-22-84 

22-15 

4-3-85 

4*75 

2 

157 

27 

43-40 

-14-80 

28-60 

-1-00 

4-80 

3 

139 

28 

33-09 

—0-28 

27-81 

4 0-19 

4*52 

4 

112 

23 

24-46 

-0-46 

24-00 

-1-00 

4-05 

5 

101 

13 

18-63 

+ 1-70 

20-38 

—7*38 

3-85 

0 

87 

23 

15-10 

4-4-60 

19-84 

4-3-10 

3*57 

7 

76 

20 

13-32 

+5 09 

18-91 

4-1-09 

3*34 

8 

60 

19 

9-65 

4-6-07 

16-02 

4-2*38 

2-97 

9 

43 

13 

6-47 

4-0-64 

12-11 

+0-89 

2*51 

10 

31 

9 

4-91 

4-4-34 

9-25 

—0-25 

2-13 

11 

17 

5 

2-10 

+2-63 

4-63 

4-0-37 

1-58 

12 

16 

2 

2-40 

4-2-70 

0-20 

—3-20 

1-53 

13 

16 

0 

2-56 

4-3-02 

0-08 

-0-08 

1-53 

14 

11 

4 

1-60 

4-2-66 

4-20 

-0*26 

1*27 

15 

6 

4 

0-76 

4-104 

2-30 

4-1*70 

0*94 

ie 

2 

0 

0-17 

4-0-49 

0-06 

-0-66 

0*54 

17 

Mean birth rank 
(or correspond¬ 
ing deviation 
from mean birth 

3 

2 

0-30 

+0-81 

1-21 

4-0*70 

0*66 

rank) . 

4*83 

505 

4-10 

4-1-55 

6-65 

0 00 

0*17 


I. Birth tank. 

IT. Total children in each rank, t v etc. 

III. Observed number of mongola, /m 1» etc. 

IV. Expected number of mongola, baaed upon reoonatruetion, em, eto. 

V. Expected deviation in number affected, baaed on mean maternal age, In a given birth 
rank, b {ft - q) t l9 eto. 

VI. Expected number of mongola, e*i + 6 (g, — q) t lt eto. 

VII. Differonoo between observed and expected numbe rs, /xl — e m — b (ft — q) t,, eto. 
VIII. Standard error of expected number*, \/MN/T . \/l — f mg # » 

The same calculation and comparison has been made for other birth ranks. 
The figures are shown in Table III. The fit between observed and expected 
values in columns III and VI is satisfactory. There is no indication that any 
birth rank is more frequently occupied by a mongol than would be expected 
from the mere consideration of the maternal ages at which these children are 
bom. Although the observed number of first-bom mongols is slightly in 
excess of expectation, the excess is not significant. Primogeniture is therefore 
not likely to be an aetiological factor. 
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IV 

There are certain inaccuracies in the statistical treatment I have ecj far 
employed here. It has been assumed that the reconstruction is entirely 
independent of maternal age. This is, however, not necessarily true, for the 
smaller families might be concentrated more at the low or high maternal 
ages. In section III it was tacitly assumed that the regression of incidence 
of mongolism on maternal age is adequately represented by a straight line: 
this assumption is inaccurate. Moreover, no allowance has been made for the 
possible effect of the reconstruction upon the sampling errors given in Table 
III. To avoid these sources of ambiguity the data have been subjected to 
analysis by an entirely different method which was suggested by Professor 
R. A. Fisher.* By use of this new process we are able, after a single complex 
reconstruction, to compare the observed number of mongols in any given birth 
rank with the number which is to be expected on the hypothesis that the 
probability of a mongol child depends upon maternal age (in some manner 
unknown prior to the data) but not, given ago, upon birth rank. 

Let us suppose that there are a number of families containing only two 
children bom at the maternal ages of 32 and 42, respectively, and that one 
child in each family is a mongol. Call p 8l and p 41 the probabilities that a 
mongol is bom at these maternal ages. The frequencies of families which 
have the mongol at age 32 to those which have the mongol at 42 will be in the 
ratio 

—2ai_ : —2ii_ 

1 ~P»% 1 - Pm ’ 


or, say, x 9% : x l9 where x is proportional to 



In any such family the 


expectation that the child bom at 32 is a mongol is-— . In general, for 

X tt + ®4» 

families containing only one mongol the expectation that any given ohild is 
the affected one is x/B(x) where S(st) is the sum of the values of x for the different 
maternal ages represented in the family. For families containing more than 
one mongol the corresponding expressions are more complicated. Given a 
series of x values, the expectation that each recorded child in the data is a 
mongol can be calculated. These expectations are then summed up in two 
ways. In the first place, the assigned values of x will be correct when the 


* Only a brief account of the method is given here; a full description is to appear in 
the 4 of Eugenics.* 
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number of mongols observed at any given maternal age tallies with the sum 
of the expectations attributed to each child at that maternal age. Secondly, 
when the correct x values have been ascertained, the sum of the expectations 
for all the ohildren in any given birth rank can be compared with the number 
of mongols actually observed in that birth rank. 

In order to simplify the arithmetic, maternal ages for each five consecutive 
years were grouped together. The following x values for these groups were 
estimated by a method of successive approximation :— 


A 

Maternal age group 

10 to 19 

x values 

22 

B 

20 to 24 

10 

C 

25 to 29 

6 

D 

30 to 34 

19 

E 

36 to 39 

88 

F 

40 to 44 

296 

G 

45 to 49 

558 


It will be seen that the probability of the birth of a mongol child is lowest 
between the maternal ages of 20 and 29 and that it rises rapidly after the age 
of SO, Table IV shows the results of calculating the expectation of mongolism 
for each child recorded in the data. The x values have been chosen so that the 
sum of the expectations (in the vertical columns) agrees sufficiently closely 

Table IV—Results of Analysis by Second Method 


Calou- 


Birth 

order 

A 

B 

0 

O 

E 

V 

G 

lated 

total 

Observed 

total 

1 

2*92 

7-33 

4*44 

2*34 

4-94 

1*00 

100 

23*97 

20 

2 

0 03 

4-23 

4*90 

6-84 

4-46 

6*35 

— 

20*80 

27 

3 

0 03 

M2 

178 

5-84 

7-94 

12*11 

1-94 

30*70 

28 

4 

— 

019 

1-48 

3*30 

11*32 

0*00 

1-00 

23*29 

23 

5 

— 

— 

0*78 

3-05 

0-04 

0.65 

0-54 

17*04 

13 

6 


■— 

0*26 

2*30 

7-99 

8-89 

2*21 

21-05 

23 

7 

— 

— 

0-18 

1*37 

8*56 

8-06 

0*94 

19*10 

20 

8 

— 

— 

0*02 

0*60 

4*57 

9*55 

2-43 

17*37 

19 

9 

— 

— 

— 

0*63 

407 

4*83 

3 25 

12-78 

13 

10 

— 

— 

— 

0-09 

2*11 

5*02 

1*90 

9*12 

9 

11 

— 

— 

— 

0*02 

0*83 

3*24 

0*42 

4*51 

6 

12 

— 

— 

— 

— 

0*86 

2*55 

0*55 

3-95 

2 

13 

— 

— 

— 

— 

0*37 

3*42 

1*80 

5-65 

0 

14 

.— 

— 

— 

— 

Oil 

1*80 

1-57 

3*54 

4 

15 

— 

— 

— 

— 

— 

1*32 

0*01 

2-23 

4 

15 

— 


— 

— 

—. 

0*61 

_ 

0-01 

0 

17 

— 

— 

— 

.— 

— 

_ 

1*05 

1-65 

2 


total .... 

2*98 

12*87 

13*82 

26*68 

84*14 

81*40 

22*17 

224*02 

— 

Observed 

total ... 

3 

18 

14 

27 

64 

81 

22 

— 

224 
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with the total number of mongols observed in each of the maternal age groups. 
The expectations, added horizontally, give the expected numbers of mongols 
in eaoh birth rank. The discrepancies between observed and expected values 
are not great, but there is a alight excess of first-born mongols, as in the results 
which were obtained by the earlier method of analysis, given in Table III. 
In calculating the standard error of these differences it was found convenient 
to group the birth ranks, and the following results were obtained :— 


Birth order 

Observed 
number of 

Expected 
number of 

Difference 

Standard 

error 

lit 

mongols 

26 

mongoli 

23-97 

+2-03 

2*68 

2nd or 3rd 

55 

57-56 

-2-56 

3*85 

4th, 5th, or 6th 

59 

61-96 

-2-98 

407 

7th to 10th 

61 

68-37 

+2*63 

3-41 

11th to 17th 

23 

22-14 

+0-86 

1*84 

Total ... . 

224 

224-02 

— 

_ 


The agreement between the theoretical number of mongols and the observed 
number is satisfactory, and the excess of first bom affected children is not 
significant. 

V 

If we accept that order of birth is not a significant aetiological factor in 
mongolism, it becomes very doubtful whether the length of the interval 
preceding the birth can be considered to be of aetiological significance either. 
If order of birth is not causal, it makes no difference whether a mother aged 
40, bearing an affected child, has previously had only one child, bom 20 years 
earlier, or whether the gap has been filled by 10 pregnancies. The present 
data, however, give opportunities for testing directly the hypothesis that the 
interval preceding the birth of a mongolian imbecile is unduly long. 

If we take only those cases which are last bom and which immediately 
succeed a normal child in the sibship, we shall find that the interval between 
these two, ultimate and penultimate, births is very long in comparison with 
intervals between two normal children in the sibships. This is to be expected 
if maternal age is the significant aetiological factor, for, during an interval 
between births, the maternal age increases but the birth rank does not rise 
correspondingly. The longer the interval, therefore, the more likely will it 
be that an offspring is affected. If, however, instead of taking affected children 
who are bom last, we select those who both succeed immediately and are 
immediately followed by a normal child, a comparison may be made of the 
intervals before a nd after the birth of affected offspring. Sibships 8, 20,21, 

2 H 
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30,33, etc., contain cases fulfilling this condition. There are in all 97 instances 
of this in 36 sibships. The mean intervals between consecutive births are 
shown below. 

Mean interval between normal and mongol immediately following, 
2-78 ±1-33 years. 

Mean interval between mongol and normal immediately following, 
2-96 ± 1 *82 years. 

The difference between the two means is 0*17 years with a standard error 
±0-37. 

The observed difference is not significant, but it actually shows the interval 
succeeding the mongolian imbecile to be greater than that preceding it. This 
iB probably due to the fact that, normally, as maternal age increases, intervals 
in the sibship tend slightly to lengthen. The large interval or period of 
diminished fecundity found in certain instances preceding the birth of a 
mongolian imbecile is, according to this analysis, unlikely to be of causal 
significance. 

VI 

In this paper data from the investigation of the family histories of 224 
mongolian imbeciles are presented. Statistical analysis, by two entirely different 
methods, shows that the numbers of imbeciles in each birth rank are very 
close to those which are to be expected on the assumption that the incidence 
of mongolism depends upon maternal age and not upon birth order. This 
conclusion applies also to the number of first-born children found to be affected. 
Aetiological significance can therefore not be attributed to birth order with 
any reasonable degree of probability. Neither is there any evidence that the 
long interval which sometimes precedes the birth of an affected child is of 
causal significance. 

These findings are comparable with Wright’s observations concerning the 
relative effects of birth order and maternal age in the production of certain 
characteristics in the guinea pig (Wright, 1926); here, too, birth order was 
found to be of no significance. 

I wish to thank all those who have taken part in preparing the meterial 
presented in this paper and particularly my assistants, Mi— D. E. Newlyn, 
Dr. M. Gunther, and Mr. R. A. Green. I am indebted to the Medical Research 
Council and the Darwin Trust for financial assistance 
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Appendix 

Data giving Birth Banks and Maternal Ages at Births of 1031 hidividuals 

in 217 Sibships 

The serial numbers of the sibships and sexes of the affected individuals 
are given in the first two vertical columns. 

The maternal ages at the births of the sibs are given at the top of the page. 
Affected individuals (M) given in bold type. 

Normal individuals (N) given in ordinary type. 
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612 . Ill . 14 

The Kinetics of Hwmoglobin IV —General Methods and Theoretical 
Basis for the Reactions with Carbon Monoxide 

By F. J. W. Roughton 

(Communicated by H. Hartridge, F.R.S.—Received February 2, 1934—Revised 

April 17, 1934) 


General Introduction 

Some years ago, Hartridge and Roughton published four papers (1923-1927) 
upon the kinetics of the rapid reactions between oxygen and haemoglobin. 
Following on this work an investigation has been mode of the corresponding 
reactions between carbon monoxide and haemoglobin, and also of the reactions 
in which carbon monoxide and oxygen both compete for union with hemo¬ 
globin. According to the classical paper of Douglas, Haldane and Haldane 
(1912) the hmmoglobin-carbon monoxide reactions should only differ from the 
haemoglobin-oxygen reactions in the numerical value of the mass action con¬ 
stants. It was therefore expected that the kinetic study of these sister reactions 
would contribute towards a fuller understanding of the reactions between oxygen 
and haemoglobin. Furthermore, a knowledge of the rates of the carbon 
monoxide reactions is of service, not only in working out the factors involved 
in the passage of 0 % into the red blood corpuscle (Roughton, 1932), but also 
in interpreting the measurements of the carbon monoxide diffusion constant 
of the lung by the Bohr-Krogh method. Such study is likewise of value for 
the full understanding of other uses of carbon monoxide as a " physiological 
reagent," e.g ., determination of blood volume and distribution, indirect measure¬ 
ment of 0, pressure in arterial blood, coal gas poisoning, etc. Lastly, the 
similarity between the kinetics of the reactions of O t and GO with haemoglobin 
and the kinetics of numerous enzyme processes, as set forth especially by 
J. B. S. Haldane in his recent book (1930), makes this problem well worth 
working out from the viewpoint of enzyme chemistry. 

In several respects the carbon monoxide reactions of haemoglobin are easier 
and more satisfactory to study than the oxygen reactions:— 

(i) The rates are slower, and hence easi e r to handle experimentally. 

(ii) Larger variations in concentrations of the reagents are feasible—hence 
any kinetic equation can be tested in a more rigorous manner. 
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(iii) Smaller corrections are needed for the back reactions. 

(iv) Smaller quantities of material are needed. 

(v) The results can be checked by several independent methods. 

In the work described below the velocity of three separate reactions of 
hemoglobin has been measured— 

(a) The combination of carbon monoxide with reduced hemoglobin (Fart V). 

(b) The displacement of oxygen from combination with hemoglobin by 
carbon monoxide. 

(c) The displacement of carbon monoxide from combination with hemo¬ 
globin by oxygen. 

Reactions (6) and (c) are treated in Part VI. 

In the present paper a summary is given of the general experimental pro¬ 
cedure and of the physico-chemical basis of the several reactions, though 
special points will, of course, be dealt with in the more specialised papers. 
Finally, Fart VII gives a preliminary account of the reactivity of freshly 
formed hemoglobin compounds—an inquiry suggested by certain anomalous 
findings in Fart VI. 

Unless otherwise stated, sheep hemoglobin was used throughout. The 
recent work of Geiger (1931) and Brinkman, Wildschut, and Wittermans 
(1934) suggests that in some species of mammalian bloods there is more than 
one kind of hemoglobin present. According to Brinkman (private communica¬ 
tion) this is probably not so in sheep’s blood, at any rate, if the course of hemo¬ 
globin denaturation in alkaline solution is used as criterion. 

The solutions were simply prepared by laking the whole blood, and diluting 
with appropriate amounts of standard buffer solutions. No purification of 
the hemoglobin was attempted, for this would have increased the labour 
greatly, and it was thought unlikely that the other substances present in 
blood, when diluted 100-fold or more, would affect the kinetics of the processes 
under study. This is confirmed by the recent finding of Hall (1934) who has 
shown that in M/15 phosphate buffer, pa 6-8, dilute solutions of laked whole 
blood give the same dissociation curve as solutions of haemoglobin purified 
by Adair's method. 

Owing to the lability of sheep’s hemoglobin, all experiments were as far 
as possible completed within 24 hours. This requirement made it impossible 
to vary the conditions, e.g., concentration of reagents, over as wide a scale as 
might from a phyaioo-chemioal point of view have been wished. 
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Notation 


The following symbols are used throughout this series of papers :— 
1 millimol = 1 mtf = 22*4 cc. 


[COHb] = mM CO combined with Hb per litre of solution. 

[OjHb] = mM 0 S combined with Hb per litre of solution. 

[Hb] = concentration of reduoed haemoglobin per litre expressed as mM of 
additional O a (or CO) which would have to combine to saturate 
the haemoglobin completely. 


[COHb l 

[COHb] + [OfHb] +'[Hb]" 

\om 


%COHb = 100 X 

%0,Hb = 100 x IC0 H b ] + [ 0# H b ]+[H b ]* 

[CO] = mM dissolved CO per litre. 

[O J = mM dissolved 0, per litre. 


1—General Experimental Methods 
A —The Sapid Flow Method 

The method of Hartridge and Rooghton for measuring the velocity of the 
reactions of haemoglobin is as folio wb. 

The two solutions which are to react with one another are placed in separate 
bottles and driven thence via separate leads into a mixing chamber. The 
mixed fluid emerges from the mixing chamber into an observation tube, and 
the concentration of the various hemoglobin compounds in the streaming 
fluid is measured at various positions along the tube by means of the Hartridge 
reversion spectroscope. Suoh readings together with a knowledge of the rate 
of streaming of the fluid along the observation tube, and of the total con¬ 
centration of each reagent, give all the data necessary for measuring the 
velocity of the reaction. Diagrams of the arrangement may be found in 
previous papers of Hartridge and Houghton. 

Table I shows the time range, and the nature and concentration range of 
the reagents used in studying the three reaction velocities. 

The following details also require mention :— 

(i) Mode of Preparation of the Reagents —Earthenware bottles of 5 to 20 litre 
oapadty were used. 

(a) Solutions of Dissolved CO and/or O t —The bottle was half-filled with 
water or buffer solution, the residual air evacuated and replaced by the appro- 
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Table I 

(a) 00 + Hb-> COHb (b) CO + 0,Hb-+ (e) 0, + COHb-* 

TbMioale. 100 to 0-01 tea 30-OtoO-Iwo SOOtolOieo 

Bottle A— 

Nstura of reagent . Diaohed GO Dissolved CO DtaMdied 0, 

Concentretion . 0 100to0 001 mM 0-600to0-02AmM 1-8 to 0-3 mM 

Bottle B 

Nature of reagent . Reduced Hb OjHb + dissolved 0, COHb 

Gonoentntlon . 0-100 to 0 003 mM O.Hb 0-100 to 0-002 mM 10 to 0-003 mM 

Dissolved 0,0-800 to 0-080 mM 


priate gas mix tore. Five minutes rolling suffioed to bring the liquid and gas 
phase into equilibrium. The amount of dissolved gas was either calculated 

or else was measured by modifications of the usual methods of blood gas 
analysis. 

(6) Oxyhemoglobin Solution —A suitable amount of laked, oxygenated 
blood was added to buffer solutions equilibrated with various partial pressures 
of oxygen. 

(c) Carboxyhcmoglobin Solution —Whole blood, laked with 4 parts of water, 
was equilibrated with a low partial pressure of CO, so that the haemoglobin 
should be fully saturated with CO, without there being an appreciable amount 
of the latter in simple physical solution. One part of this COHb solution was 
then quickly mixed with 200—300 parts buffer solution, of very low [OJ. 

(<f) Seduced Hemoglobin Solution —Whole or laked blood was reduced by 
repeated evacuation and shaking with nitrogen at about 30° C. It was then 
mixed with a suitable large volume of O t -free buffer solution anaerobically. 

For experiments at pa > 10, the ammonium sulphide method of our previous 
paper (Hartridge and Roughton, 1925) was sometimes used. 

(ii) Observation Tube—Tubes of diameter 6 to 13 mm served for the higher 
Hb concentrations, whilst for lower ones, the type shown by Hartridge and 
Roughton in fig. 2 of their 1926 paper was used. 

(iii) Intermediate Volumes—Sot the slower reactions (half period > 1 seo) 
vessels of capacity 10 to 3000 cc were interpolated between the mixing chamber 
and the observation tube (Hartridge and Roughton, 1926, fig. 1). 

(iv) The Reversion Spectroscope —For the displacement of 0 # from Hb by 
CO, and vice versa, the ratio of [COHb] to [OjHb] in the streaming fluid was 
measured in the ordinary way. 

In the combination of CO with reduced Hb, it was, however, neoessary to 
e the [COHb]: [Hb] in the streaming fluid. This was done in a manner 
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similar to that adopted by Hartridge and Roughton (1923) for measuring the 
ratio [OgHb]: [Hb], the only essential difference being that the auxiliary 
trough which in the previous investigation contained COHb, in the present 
one contained OjHb solution. Otherwise the procedure for calibration, 
estimation, etc., was so like that already described for the [OjHb]: [Hb] 
measurement that reference to the earlier paper will supply any further details 
needed. 

In the present work, readings can be got from 15% COHb to 100% COHb, 
whereas in the [0,Hb]: [Hb] work, the absorption bands, owing to blurring, 
could not be measured up at lower values than 30% 0,Hb. The best accuracy 
is found between 30 and 70% COHb, but even in this range the accuracy is 
only half as good as in the [COHb]: [0,Hb] estimation in solutions containing 
no reduced Hb. At the end of Part V a more accurate, though more elaborate, 
spectroscopic method is described for measuring [COHb]: [Hb] ratios. 

B —The Shaking Method 

Under suitable conditions, both the displacement of O, from combination 
with'Hb by CO, and also the reverse reaction, have a half-period of more than 
30 sec. Reactions so slow as this can also be followed by a simpler method, 
by shaking the Hb solution violently with appropriate gas phases, and 
then after varying periods stopping the shaker and examining the percentage 
of COHb in the liquid with the reversion spectroscope. Comparisons with 
the rapid flow method showed satisfactory concordance. 

Besides that of simplicity, the shaking method has the further advantage 
of requiring only very small amounts of blood, of the order of 0*1 cc or 
less. Applications of it are given in Part VI, p. 473. Unfortunately it has 
not so far proved applicable to the CO + Hb reaction rate. 

Two other methods have also been applied to the special CO -{- 0,Hb 
reaction. These, too, are described in Part VI of this series of papers. 


2—General Physical Chemistry or the Haemoglobin Exactions 

A —The Reaction of Carbon Monoxide (or Oxygen) with Reduced Hamogldbin 

The simplest view of the reaction from the mass-action standpoint is that 
originally put forward by Hfffoer, that 

1 mol CO (or OJ + 1 mol Hb 1 mol COHb (or 0«Hb). 
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This leads to the velocity equation 

d [COHb] Idt = V [CO] [Hb] -1 [COHb], (1) 


and to the equilibrium equation 


fCOHb] = f - 
[CO] [Hb] l ’ 


the latter leading to a dissociation curve of the rectangular hyperbola type. 
These equations would only be prima facie valid if the molecular weight of 
hemoglobin did only combine with 1 gm mol of CO (or O t ), if the molecular 
weight of hemoglobin was, as Hlifiner supposed, 17000. 

Actually, however, the work of Adair, Svedberg, and others has shown that 
the molecular weight of the respiratory pigments = 17000n, 
where 

n = 2 for muscle hemoglobin (Theorell, 1934), 
n = 4 for mammalian blood hemoglobin (Adair, 1926, Svedberg), 
n > 60 for the analogous case of the hemocyanins (Svedberg, 1933). 


This, as Adair (1925) pointed out, would suggest the existence of three types 
of pigment compound, (i) In which none of the gas-oombining groups (i.e., 
" gas-groups ” for short) are combined with CO or 0* (ii) In whioh all of the 
gas-groups are combined with CO or O,. (iii) In which some but not all of 
the gas-groups are combined. 

Hartridge and Roughton (1925) showed that simple equations of the Hltfner 
type (i.e., (1) and (2) above) should hold, whatever the value of», provided that 
the ohance of a gas molecule combining with the hemoglobin molecule was 
just proportional to the concentration of dissolved gas and the number of 
free gas-groups in the molecule, and that the chance of dissociation of a gas 
molecule from combination with haemoglobin depended only on the number of 
gas-groups occupied. A similar deduction was made independently by Adair 
(1925). Such a proviso is essentially similar to that shown by Langmuir 
to hold good in reactions with heated metallic surfaces. The type of reaction 
in question may hence be referred to as a “ Langmuir ” type. 

Experimentally the simple equations have been found to hold for:— 

(i) Equilibria for muscle hemoglobin (Theorell, 1934); mammalian hemo¬ 
globin spasmodically, especially if the blood has received rather strenuous 
handling (Barcroft and Roberts, 1909; Hartridge and Roughton, 
1925; Forbes, 1931); dialysed limulus hsemoeyanin (RedfLeld, 1930). 
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Hb 4 (CO) + CO Hb ( (CO) r 

Velocity = V t [CO] [Hb t (CO)] -l, [Hb 4 (CO) J. 
Equilibrium constant L t =* l’Jl r (5.2) 


Hb 4 (CO,) + CO ^ Hb 4 (00),. 

Velocity = I', [CO] [Hb 4 (CO),] - l , [Hb 4 (CO)J. 
Equilibrium constant L, = (5.3) 


Hb 4 (CO), + CO ^ Hb 4 (CO) 4 . 

Velocity = I' 4 [CO] [Hb 4 (CO),] - Z 4 [Hb 4 (CO),]. 
Equilibrium constant L 4 = (5.4) 


Let [CO] = «, initial [Hb] = p. 

The final equilibrium equation then runs 


%COHb _ -f- 2L|L|t* -j- 3L)LJnt* j- 4L ] L 4 L 1 L 4 ac* 

100 4(1 + Lj« -f L 1 L^t*-f LjLjLgO*-f-L jL,L,L 4 <x*) 

At very high values of a, (6.1) simplifies down to the equation 

%Hb 1 
100 4L 4 a‘ 


( 6 . 1 ) 

( 6 . 2 ) 


Exactly similar equations have been previously given for the 0,-Hb equili¬ 
brium. By choosing the values of 1^, etc., suitably, the whole dissociation 
curve can be very closely fitted, but, as has been fully realized in previous 
papers, such a test has no rigour for many different sets of values of L|, etc., 
all give an equally good fit. 

At first sight the situation as regards the velocities looks even more un¬ 
promising. For there are not only four unknown forward velocity constants 
V |, 1',, l\, but also four unknown backward velocity constants to be taken 
into account. The latter, however, are relatively so small that the terms con¬ 
taining them can be neglected except very near the end of the reaction; 
furthermore, it is possible under restricted conditions to devise tests, the 
stringency of which does not depend upon an independent knowledge of l\, 
i'„ and l\. 

(a) If [CO] > (3, so that [CO] remains practically constant throughout the 
extent of the reaction under consideration, then if the back reaction terms are 
neglected it follows that 

[COHb] at time f =■ p [1 — (A^ - '' 1 ** -f A f e - ‘* €< + A,e+ A 4 e"'' 4 *‘)], (6.3) 
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where A|, A^ etc., are constants with valnea depending only on the value of 

l'i> If, eto. 

A similar equation has been given by Millikan (1932) for the rate of dis¬ 
sociation of oxyhemoglobin on the intermediate compound hypothesis. 

From equation (6.3) it follows that—■ 

(i) If [CO] is varied but kept in great excess of {&, the time taken to reach 
any given COHb per cent should be inversely proportional to [CO]. 

This is verified experimentally in Part V. 

(ii) Over the very early stages of the reaction d [COHb] jdt should equal 
V [CO] [Hb] roughly, i.e ., the Hiifner equation should hold good even 
though the values V v Z' s , V A are not known. Experiments in Part V 
show that this equation is roughly obeyed, oven beyond the early 
stages of the reaction in many oases. 

( 6 ) Let [HbJ = y 0 , [Hb 4 (CO)J = y v [Hb 4 (CO)J = y i# etc., and 
V = V\ + 2y, + 3y 8 + 4y 4 . 

Then [CO] at time t = ([CO] at time 0 ) — y = a — y. 

Therefore rate of reaction CO + Hb 4 -+ Hb 4 (CO) is given by 

^ (7.1) 

the back reaction term being neglected, whence 

^ = (7.2) 

where q is any multiplier. 

From equations (7.1) and (7.2) it follows rigorously that the efiect of increasing 
both [CO] and [Hb] g-fold, should be to increase d [%Hb 4 (CO)] Jit 
9 -fold over the whole course of the reaction, whatever the shape of the reaction 
velocity curve. By similar arguments the same should apply to each of the 
other intermediaries Hb 4 (CO),, Hb 4 (CO) t , Hb 4 (C0) 4 . From this it clearly 
follows that %COHb plotted against time measured in units of 1 second, 
should give a curve identical with that of %COHb plotted against time 
measured in units of ljq second, if in the latter case [CO] and [Hb] are both 
increased q times. 

This important deduction is verified in Part V. In this instance it will be 
found that an equation of the type d [COHb] \it~V [CO]* [Hb], where 
n ^ 2 fails entirely. Failure in less striking degree also occurs in the other 
two tests already mentioned in this section. 


2 i 2 
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Although these kinetic experiments do serve to discriminate against the 
Hill equation, they do not give any decision as between the general inter¬ 
mediate compound hypothesis, and the simple Langmuir-Hiifner mechanism, 
for the latter, as can readily be seen, yields deductions which are identical 
with those given above. From the kinetic standpoint it has, indeed, so far 
proved difficult to distinguish between the last two mechanisms; but since 
dissociation curve data, in dilute solutions of mammalian blood, pronounce 
definitely against the Htifner-Langmuir mechanism, it would seem best, at 
present, to accept the general theory of intermediate compounds as the best 
working hypothesis. 


B —The Displacement of 0 t from Combination with Haemoglobin by CO 

and vice versa 


The equilibrium of this reaction has been studied extensively both by gaso- 
metric and by optical methods. If the sum of [CO] + [0 J is high enough for 
[Hb] to be practically negligible, all observers are agreed that the equilibrium 
can be expressed by the simple equation 


[OJ [COHb] _ M 
[CO] [0,Hb] 


( 8 ) 


The constant M is practically independent of p u , salt content, laking of the 
blood, and purification of the haemoglobin. It has a temperature coefficient 
of about 1 *3 per 10° C, and is very greatly reduced by strong light intensity. 

If the haemoglobin is practically saturated with CO and/or 0„ there should, 
on the intermediate compound hypothesis, be no appreciable amounts of 
compounds with less than three gas groups saturated. The natural view 
would then be that the process consists of a series of pairs of reactions as 
follows:— 


Hb 4 O g «=* Hb 4 0 ( + 0, 1 

Hb 4 0 4 + CO r± Hb 4 0, (CO) / 

Hb 4 0 e (CO) Hb 4 0 4 (CO) + 0, 1 

Hb 4 0 4 (CO) + CO ^ Hb 4 0 4 (CO), / 

Hb 4 0 4 (CO), vi Hb 4 0, (CO), + 0, \ 
Hb 4 0, (CO), + CO v* Hb 4 0, (CO), / 

Hb 4 0, (CO), ^ Hb 4 (CO), + 0, \ 

Hb ( (CO), + CO v 4 Hb 4 (CO), J 


(9.1) 

(9.2) 

(9.3) 


(9.4) 
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Consider the first pair ot reactions given by (9.1). Experimental evidence 
suggests that the forward and backward reactions of the reversible process 
Hb 4 O a Hb 4 0« + 0, are both so much faster than either reaction of the 
second process Hb 4 0 fl + CO ^ Hb 4 0 4 (CO), that the former process must be 
practically at equilibrium throughout. As regards (9.1) we should therefore 
have:— 


where 


d[CQ1 

dt 




m 4 [Hb 4 O e (CO)] f 


r 4l m 4 are the velocity constants of Hb 4 O fl + CO ^ Hb 4 O a (CO), 

and 


K 4 is the equilibrium constant of Hb 4 0 8 ^ Hb 4 0 6 + 0,. 


A similar series of equations applies to (9.2), (9.3), and (9.4), and these when 
summed together give the 49 overall " rate of combination of CO. 

Let us see what would happen if the simplest Langmuir principles applied 
to these reactions. 

In the reversible processes 


Hb 4 O fl -f- Oj Hb 4 0 8 , 

Hb 4 0 4 (CO) + O a ^ Hb 4 0 6 (CO), 

Hb 4 0, (CO), + 0, ^ Hb 4 0 4 (00),. 

Hb 4 (C0) a + 0,^Hb 4 0 f (C0)„ 

the velocity constants of the reactions from left to right would all be the same, 
i.e.y the velocity of each of these reactions would just depend on there being 
one free group available in the haemoglobin molecule for 0, to combine with, 
and would not depend on the nature of the molecules (whether 0, or CO) 
which already occupy the other three groups. 

The velocity constants of the reactions from right to left in the above reaction 
would not, on the contrary, be equal to one another, but would be proportional 
to the number of 0, molecules combined in the haemoglobin molecule. Thus, 
e.g.> the velocity constant for the reaction Hb 4 0, ^Hb 4 0 a + 0, would be 
taken as four times greater than the velocity constant for the reaction 
Hb 4 0, (CO), Hb 4 (CO), + 0„ it being assumed that the chance of a haemo¬ 
globin molecule which possesses four combined 0, molecules dissociating off an 
0 , molecule is four times greater than the chance of a haemoglobin molecule 
Which possesses only one combined 0, molecule, the other three groups being 
occupied by CO. 
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Similarly tot the reversible reactions 

Hb 4 O s + CO ^ Hb 4 0, (CO), 

Hb 4 0 4 (CO) + CO ^ Hb 4 0 4 (CO)„ 

Hb.O, (CO), -f CO ^ Hb 4 0, (CO)„ 

Hb 4 (CO), + CO Hb 4 (CO)., 

the velocity constants of the reactions from left to right would be taken as 
identioal, but the velocity constants from right to left would stand to one 
another in the ratio of the numbers of combined CO molecules in the respective 
hemoglobin compounds. 

On such assumptions the “ overall ” rate for the whole process would be 
given by 

|[COHb]= l '.^ l lff b l —[COHb]. (10.1) 

= ".'.[co; ;o«gb) _ m [C0Hb ], 


where 

~4K.’ 

(10.2) 

whence at equilibrium 

(O.lfCOHbl m' M 

(11) 


[CO] [0,Hb] tn 


Equations (10.2) and (11) are tested in Part VI of the present series of 
papers, and found to be, within experimented orror, valid. 

No other theory has yet been found to give so simple and plausible an 
explanation of the experimental results in the present reaction. As a working 
hypothesis it may be tentatively concluded that, when not less than three out 
of the four gas-groups ” of the haemoglobin molecule are combined with 0, 
and/or CO, the reactions even in mammalian blood conform to the simple 
Langmuir principle, and that on this account the competition of CO and O t 
for combination with hemoglobin can be expressed by very ample mass 
action equations. 

The costs of the researches described in this paper and in the succeeding 
papers have in part been financed by the Medical Research Council, to whom 
I wish to express my thanks. I am also greatly indebted to Pro fess or 
Hartridge for the loan of much of his private apparatus, and foe his 
oontinual interest and indeed frequent assistance in many of the experiments. 
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Summary 

1— The rapid reaction velocity method of Hartridge and Houghton has been 
applied to the following reactions— 

(а) the combination of CO with reduced hemoglobin (Hb); 

(б) the displacement of 0, from combination with Hb by CO ; 

(c) the displacement of CO from combination with Hb by 0* 

General descriptions of the experimental technique are given, and the impor¬ 
tance, theoretical and practical, of such measurements is emphasized. 

2— The oxygen-haemoglobin reaction is briefly reviewed from the physico¬ 
chemical standpoint, with a view to the theoretical consideration of the carbon 
monoxide reactions. 

3— Under certain conditions it is shown that the equation for the velocity 
of reaction (a) is identical on the Httfner theory and on the intermediate 
compound hypothesis of Adair, but is quite different on the basis of HilTs 
equation. 

These deductions are experimentally tested in Part V; the issue is favourable 
to the Adair hypothesis and not to the Hill theory. 

4— Reactions (6) and (o) follow very simple equations both as regards their 
equilibrium point and their velocities. This is also difficult to reconcile with the 
Hill equation ; it can, however, be brought into line with the Adair hypothesis, 
if the competition of CO and 0 t for combination with Hb obeys the same 
principles as those postulated (in simple cases) by Langmuir for the reactions 
between gases and heated metallic surfaces. 
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The Kinetics of Haemoglobin V —The Combination of Carbon 
Monoxide with Reduced Haemoglobin 

By F. J. W. Boughton 

(Communicated by H. Hartridge, F.R.S.—Received February 2, 1934—Revised 

April 17, 1934) 

The theoretical aspects and importance of this reaction have already been 
discussed in the introductory paper of this series (Part IV) as have also the 
experimental methods in broad outline. It will be assumed here that the 
reader is familiar with that paper. 

In the present paper will be found the experimental results of the tests 
suggested in Part IV, together with an account of the effect of pa and tempera* 
ture on the rate of combination of carbon monoxide with reduced haemoglobin. 
It will be useful to describe first of all the results of a typical experiment at 
p H 10, temperature 21° C, [CO] = 0-1 mM, [Hb] = 0-06 mM. These are 
plotted in fig. 1. It will be seen that the reaction is half completed in about 
0*06 second and there is therefore no doubt that the apparatus is amply 
adequate for coping with the reaction, since in our previous papers we have 
shown that even reactions more than ten times as fast conld still be accurately 
measured. 

It was rather a surprise to find that the reaction between CO and Hb is 
about 10 times slower than the reaction between O, and Hb under similar 
conditions. The 200-fold greater “ affinity ” of CO for b&moglobin must 
therefore be due to the extreme slowness with whioh COHb, as compared with 
0 J$b, can dissociate. This conolnsion is verified in Part VI, p. 484. 
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1 —Tests as to the Mechanism of the Reaction 

(i) The Effect of Varying Excess [CO], at Constant Ucemoglobin Concentra¬ 
tion .—On either Htifner’s theory, or on the general intermediate com¬ 
pound hypothesis, the time taken to reach any given %COHb should be 
inversely proportional to [CO]. This should not, however, be so if Hill’s 
equation applies to the kinetics of the reaction. 



Fig. 1—Typical experiment on rate of combination of CO with hemoglobin. 

With the apparatus, as ordinarily used, it was not feasible to have [CO] 
in more than 10-fold excess over the haemoglobin. In two experiments 
at 15° C now to be described, the following four solutions were prepared:— 

(а) Reduced Hb solution in M/20 phosphate buffer p H 6-6. [The blood was 
diluted to 1 in 40 approximately.] 

(б) Reduced Hb solution of same strength in NH S -NH 4 C1 buffer p H 10-0. 

(c) Solution of dissolved CO in equilibrium with gas phase containing 1± 
atmospheres CO. 

(d) Solution of dissolved CO in equilibrium with gas phase containing £ 
atmosphere CO. 

By mixing (a) first with (c), and then with (d), the effect of 3-fold variation in 
[CO] could be observed at p^ 6*6. Similarly at p^ 10*0 by using (b) in place 
of (a). The results of these four experiments are plotted in figs. 2a, 26, in 
which the time scale is measured in units of 1/100 second for the stronger 
[CO], and in units of 1/33 second for the weaker [CO]. 
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It is seen that the points in the (a) and (o) experiment when so plotted fall 
pretty closely on the same curve as the points in the (a) + (d) experiment, 
fig. 2a, over the first third of the process. Such also occurs with the (6) + (o) 



1/33 . weaker [CO] 


Fig. 2a —Effect of three-fold variation in [CO] at pu 6-fl, temperature 15° C. 0 strong 
[CO]; X weak [CO]. 



Fm. 26—Effect of three-fold variation in [CO] at pn 10*0, temperature 16° C. 0 strong 
[00]; x weak [CO], 


experiment and the ( b ) + (d) experiment, fig. 2b, thus verifying the deduction 
under test. The agreement in the latter experiment extends np to higher per 
cent COHb than would have been expected, for when 60% OOHb is reached 
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the [CO] in experiments with solution (c) will have dropped by 6% whereas 
the [CO] in experiments with solution (d) will have dropped 16%, so that in 
the latter case a distinct lagging of the %COHb might have been noticeable. 

(ii) During the early stages of the reaction 

d [COHb]/* should = V [CO J [Hb], (1.1) 

both on the Hilfner theory and on the general intermediate compound hypo¬ 
thesis. 

Equation (1.1), when integrated, gives 


where 


I'l = 


«- p 


log 


<*-,y 


« = [CO] + [COHb], 
P = [COHb] + [Hb], 


( 1 . 2 ) 


y = [COHb], 

whence log ^^ plotted against time should give a straight line relation¬ 
ship during the early stages of the reaction. 

The results of fig. 1 are re-plotted in this manner in fig. 3. The points, 
indeed, fall on a straight line not only during the early stages but also far 
beyond. This was also observed in many other experiments, and so it seems 



Fio. 3—Test of equation for velocity of motion CO 4- Hb-* COHb. 

legitimate to calculate an empiric velocity constant V by equation (1.2). The 
word “ empiric ” is used to emphasize the fact that tire general intermediate 
compound hypothesis is inoapable of saying whether equation (1.2) ought or 
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ought not theoretically to hold good beyond the early stages of the reaction. 
On the Htifner theory, of course, equation (1.2) ought to be valid up to the 
point where the back reaction velocity becomes important. 

(iii) By far the most important tests are those shown in fig. 4 at pa 10, and 
at pn 7 *4. At each of these pa’s, the effect of varying the concentration both 
of CO and of haemoglobin 32-fold was observed. According to Part IV this 
should alter the rate of change of the %COHb in the same ratio, viz., 
32-fold, if the Httfner theory or the general intermediate compound hypothesis 
hold good. At both p H ’s the time scale is plotted in units of seconds/32 for 



seconds for weak cone 1 !* of reagents 
lin[le » sec/32 - strong - 

Fio. 4—Effeot of thirty-two-fold variation in concentration of reagent* upon rate of 
reaotionCO -f Hb -+ COHb at p u 7*4 and 10. (i) ps 10—■ weak concentration ; 
4* fltrong concentration, (ii) pu 7-4— • weak concentration; <g> strong concen¬ 
tration. 

the stronger concentrations, and in units of seconds for the weaker concen¬ 
trations ; the two sets of points for the two concentrations should both fit 
on the same curve. This they certainly do, within experimental error, at 
both Ph’s. 

The inadequacy of Hill’s equation from the kinetic point of view is in these 
cases very striking. For on this view the reaction would proceed according 
to the equation. Hb* -f- nCO -*■ Hb (CO)*, where n lies between 2 and 3, 
and the effect of reducing Hb and CO each 32-fold should be to reduce the 
rate of increase of %C0Hb at least 1000-fold, instead of 32-fold as 
in the previotft theory and experiments. The Hill theory, though still much 
used as an empiric basis for formulating oxygen-hamoglobin equilibria, has 
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thufi, as already mentioned in Fart VI, proved to be unserviceable in the 
kinetic held, and therefore unserviceable also as a guide to the mechanism of 
the reactions concerned. 

The results of all these three tests are, on the contrary, in accord either with 
the simple Hiifner theory or with tho general intermediate compound hypo¬ 
thesis. For reasons given in Fart IV, it seems best at present to accept the 
latter as the best working hypothesis. 

2 —Effect of p Hl Temperature, Light , etc. 

(i) pn —The results of three experiments carried out on the same day (on 
Hb solution prepared from the same sample of blood) with identical concentra- 



Fio. 5—Effort of pu on velocity of reaction CO + Hb COHb. O p a 10; ■ pn 7-2 ; 

X ps S'6. 

tions of CO and Hb, but varing p H , are plotted in fig. 5. It will be seen that 
tiie velocities at p u 7-2 and ps 5*6 are identical within experimental error, 
but that the velocity at 10 is about 60% faster. This difference is about 
the same as the difference in rate of combination of O t + Hb at pa 10 and 
pu 6-6. In neither case is the difference large enough to make it possible to 
calculate with accuracy the value of the oxy-labile ionisation constant of 
reduced haemoglobin, as was found possible previously for oxyhaemoglobin 
(Hartridge and Roughton, 1923). 

Usually the buffer was all placed in the CO solution and the Hb solution 
previous to mixture was unbuffered (».e., about p B 7-4) so that after mixture 
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there most have been considerable changes in the ionisation of the haemoglobin. 
That these changes are too rapid to have any effect upon the observed rate of 
the GO -j- Hb reaction was shown by controls in which the buffer was equally 
distributed between the CO and Hb solutions prior to their mixture in the 
reaction velocity apparatus. 

(ii) Temperature —The values of V at three different temperatures, = 7*2, 
as measured on the same day on haemoglobin solutions prepared from the same 
sample of blood, are shown in Table 1. 


Table I 


Temp. ° C 

V 

7-2 

118 

17-7 

252 

33-3 

747 


Q 10 , the temperature coefficient per 10° C, is therefore about 2. The values of 
Q ]0 in Table II were obtained at other Ph’s, blood from different sheep being 
used in each case. 

Table II 



Qu 

6*6 

1-fl 

5*8 

1-8 

5*6 

1-7 


(iii) Light —Haldane and Lorrain Smith (1896) discovered that the equilibrium 
of the reaction 

carbon monoxide + oxy haemoglobin oxygen + oarboxyhaemoglobin 

is displaced markedly to the left by light. It is easy to show that the equili¬ 
brium of the reaction 

carbon monoxide reduced haemoglobin v* carboxyhsBmoglobin 

is also displaced to the left by light, simply by shaking a dilute solution of 
COHb in a tonometer full of N ( , which is placed in the path of a beam of 
strong light. The question then arises, is it the forward reaction, the 
combination of carbon monoxide with reduced haemoglobin, or the backward 
reaction, i.e., the dissociation of car boxy haemoglobin, or both reactions that 
are accelerated by light ? To answer this question, as regards the reaction 
studied in this paper, the same arrangement was- adopted as in the reaction 
between oxygen and haemoglobin (Hartridge and Houghton, 1926). No certain 
difference could be detected in the rate of combination of carbon monoxide 
with haemoglobin even when the light illuminating the reacting solution was 
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varied 100-fold in intensity. The effect of light upon the equilibrium oonstant 
of the reaction CO + Hb COHb must therefore be due entirely to its 
accelerating influence upon the velocity of dissociation of COHb. 

(iv) Salt Concentration —No experiments have yet been done on the effect 

f 

of varying salt concentration (i.e., of ions other than H or OH) at constant p H . 


3 —A More Accurate Method of Measurement 

Recently we have had occasion to devise a more accurate, though more 
elaborate, method of measuring the per cent COHb at various instants of 
time after mixture : the principle is as follows :— 

The solution of CO and the solution of reduced Hb meet together in mixing 
chamber M x , fig. 6, mix and then travel through a variable length of tube and 



Fig. 6—More accurate method for measuring the rate of combination of CO with hemo¬ 
globin. 

deliver into a second mixing chamber M a where the fluid meets and mixes with 
water saturated with 0 S (at one atmosphere pressure at least). Suppose 
that the length of time t , taken between the mixing chambers M x and M s 
is such that the %COHb reaches z%, then within at most 1/600 second after 
mixing with the oxygenated water, the remaining (100 — x)% of reduced 
Hb becomes O s Hb, so that in the early part of the observation tube 
leading out of M t the fluid is x% COHb and (100 — x)% OjHb. The value 
of x is determined by the reversion spectroscope in the ordinary way. The 
value of x remains constant for some distance as the spectroscope moves down 
O' away from M* bat after a certain point is reached the value of x begins 
to increase owing to the displacement of O t from OtHb by CO. The success 
of the method depends entirely upon the fact that the chemical combination of 
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the remaining reduced Hb with the dissolved O a is so very much more rapid 
than the combination with the remaining dissolved CO; to be certain of this 
it is best to work with as dilute a solution of hemoglobin as possible so as to 
be able to have a correspondingly low concentration of CO. The value of t 
is determined by measuring the volume of tube in between M x and M a , and the 
volume of fluid passing through M x per second. The value of a; is measurable 
with at least twice as great accuracy as is possible in the former method, and 
farther can be measured over the whole range from 0-100% COHb. With the 
20-cm observation tube it is possible to work with a solution containing 0*5 oc 
blood per litre, which would be of obvious advantage in working with human 
blood or in studying the effect of species over a wide range of animals. The 
large effect of species upon the equilibrium constants of the hemoglobin reaction 
does, indeed, make a similar investigation with the velocities well worth 
carrying out. 

The method is also specially valuable for studying the rate of reaction of 
CO with haemoglobin in the corpuscle, for in this reaction the suspension issuing 
from the first mixing chamber can be mixed with a solution, which not only 
contains excess of dissolved O t but also contains a lairing agent, so that the 
final reading of COHb to 0,Hb is made in solution instead of in the corpuscle, 
in which, owing to the fuzzy character of the absorption bands caused by the 
scattering of light by the corpuscle walls, the readings are much more difficult 
and less accurate (Hartridge and Houghton, 1927). 


Summary 

1— Under similar conditions as to p a , temperature, and concentration of 
reagents, carbon monoxide combines with hemoglobin about 10 times more 
slowly than oxygen does. The greater affinity of CO for hemoglobin is due 
to the fact that carboxyhemoglobin dissociates far more slowly than oxy¬ 
hemoglobin does. 

2— The results of three different quantitative tests suggest that the kinetics 
of the reaction conform to Adair’s intermediate compound hypothesis, rather 
than to Hill’s equation. 

3— During the early stages of the reaction, the rate is given roughly by the 

eq0atk)n d [COHb]/A = V [CO] [Hb]. 


4— 4' is only slightly affected by pg, and not appreciably by light. 

5— The temperature coefficient of V is about 1*8 par 10° 0. 
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6—A new and more accurate method of measuring the rate of combination 
of CO with Hb is outlined. 
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The Kinetics of Hemoglobin VI— The Competition of Carbon 
Monoxide and Oxygen for Haemoglobin 

By F. J. W. Roughton 

(Communicated by H. Hartridge, F.R.9.—Received February 2, 1934— 
Revised April 17, 1934) 

Introduction 

The experimental part of the research to be described below is given in two 
main sections. Of these Section 1 deals with the results obtained in measure¬ 
ments of the rate of displacement of oxygen from combination with hemo¬ 
globin by carbon monoxide. Section 2 gives, in corresponding fashion, the 
results for the reverse reaction, namely, the displacement of carbon monoxide 
from combination with hemoglobin by oxygen. 

The theoretical aspects of these two reactions have already been dealt with 
in broad outline at the end of Part IV, with which it will be assumed 
that the reader is fully acquainted. Some further considerations, however, 
arise and these are given in Section 3 of the present paper. 

The Tate of displacement of oxygen from combination with haemoglobin by 
carbon monoxide has now been measured in several different ways. The 
concordance so found is of experimental, rather than of theoretical, interest 
and hence the account of these tests has been relegated to an Appendix. 

2 K 


vol. oxv.— b. 
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Bbotion 1—The Rate of Displacement of Oxygen from Combination 
with Hemoglobin by Carbon Monoxide 

A— Formula? used in Calculating the Results 

The experimental results upon the rate of this reaction have all been found 
to be consistent with equation (10.1) of Part IV, namely, 

d [COHb]/* = - m [COHb]. 

Over the first half of the reaction, the back reaction term, t.e., — m [COHb], is 
negligible, and hence the equation reduces to 

d [COHb]/* = m ' [ c Q][ Q a Hb J . (1) 


In Hartridge and Roughton’s first paper (1923, a) another equation, viz., 
d [COHb] jdl = k t [CO] [0,Hb], was used with apparent success. In this 
early work, however, the [0 2 ] was not systematically varied, and was, in fact, 
nearly the same in most of the experiments; the results would therefore have 
been equally well fitted by equation (1). 

If as = [CO] + [COHb], 

p = [COHb] + [0,Hb] + [Hb]. 

Y = [0|] + [OjHb], 
y = [COHb], 


equation (1) becomes 


dy _ m' (a — y) (p — </) 

a (r + y-P) ' 


Special 

(i) If y is large compared with (a — p), (3.0) simplifies to 

m' ((,-«,) = 


a — 




( 2 ) 


[Hb] being neglected since it is throughout bo small compared with p. 
Equation (2) when integrated over the time interval — f,) gives 

m' (tj - <,) = log, log, . 

a p a — y % a — p p — y* 


(3.0) 


(3.1) 
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(ii) If a and y are both large compared with p, (3.0) simplifies to 


(Hi) Ifas= p, 




( 8 . 2 ) 


dy _ m' (a — y)* 
* (Y + y—P)’ 


m' (<, - t t ) = lofc(=_») - (P - a - y)(— -—) (3.3) 

— y* v « — yi * — y» 


These equations were used in appropriate cases in the teBts now to be described. 



Fig. 1 —Typical experiment on rate of reaction CO + OjHb-* O, + COHb, pu 7-4, 

temperature 17® C. 


B —Results in a Typical Experiment 

The results of an experiment at 7 • 8, temperature 21 *5° C, are plotted in 
fig. 1. The solution in the two bottles, A and B, which delivered into the 
mixing chamber were as follows:— 

Bottle A = water saturated with coal gas, practically free from dissolved 0 r 

Bottle B = water saturated with air + 1 part of blood in 00 of water + p B 
7 *8 buffer mixture. 

In these experiments the conditions which lead to equation (3.1) are 
needy enough satisfied and therefore log 10 (P — y/a — y) plotted against time 
should give a straight line if (3.1) is vahd. 

2x2 
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This was found to hold, within the limits of experimental error, both in the 
present experiment and in most of the other experiments on this reaction. It 
therefore follows that the various observations made in any one experiment 
give consistent values of m'. It is generally agreed, however, that a more 
searching test is to see whether tn' remains constant when the concentrations 
of the various reagents are altered. The results of such tests will now be 
described in the next sub-section. 


C —Experimental Tests of Equation d [COHb] Jit ~ ■ 

varying Concentrations of the several Reagents 


(I) [CO], [OgHb] varied; [OJ kept approximately constant —Tests on five 
different samples of sheep blood [(a), (6), (c), (d), and (e)] solution by the rapid 
flow method were done with varying concentration of CO and O^Hb and 
at Ph’ b from 5-6 to 10-0. These are summarized in Table I. 


Table I 


Teat 

Temp ° 

C pH 

a 

n 

y 

m 

(«) . 

15 

7-4 

0*070 

0*092 

0-345 

3*4 

15 

7-4 

0-094 

0-092 

0-327 

3-0 

«. 

17 

7*4 

0*079 

0-067 

0-223 

3*1 

17 

7*4 

0-040 

0-067 

0-290 

3-6 


17 

7-4 

0-071 

0*117 

0*267 

3-7 

(*) . 

21 

6-3 

0-060 

0*067 

0-223 

4*6 

21 

6*3 

0-028 

0-073 

0*314 

4-9 


21 

6*3 

0-063 

0-127 

0*276 

6*0? 

(*) . 

11 

5*6 

0*566 

0-046 

0-840 

0-63 

11 

5-6 

0-0254 

0-0021 

0*930 

0-40 

(•) . 

11 

10-0 

0*566 

0*046 

0-840 

0-45 

11 

10 0 

0-0254 

0*0021 

0*930 

0-50 


0 , jS, y measured In mj 11 imoli/litre. 




3-66 


} 

} 


3-4S 


4-78 


| 0-488 
| 0*487 


In tests (a), (b), and (o) it was not practicable to vary [CO] and [0,Hb] more 
than two-fold. Except in one instance the values of m' in any one test do 
not diverge by more than 10% from their mean value. This is within the 
experimental error of the method. The last two tests, viz., (d) and («), show 
that the value of m' is not significantly altered by a much larger variation, 
vis., a 22-fold one, in the concentration of the reagents. 

Equation (1) apparently, then, survives the test of varying [CO] and [O^Hb]. 
Two further points may be noted:— 

- (i) Testa (i) and (s) provide good evidenoe against the kinetic applicability 
of Hill’s equation, for in the first experiment of each test the rate at 
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which %COHb increased should, on the Hill basis, have been 22* fl , 
2000 times greater than the rate of increase in the second experi¬ 
ment. Actually the relativo ratios were almost 22 to 1. 

(ii) The values of m' in tests (d) and (e) are only 1/7 to 1/10 of those in 
(a), (&)> and (c). This is in part due to the lower temperature in these 
tests, but must be caused chiefly by individual differences in the haemo¬ 
globin in the various samples of blood. 

(II) [OJ varied; [CO], [OgHb] kept constant —In these circumstances, if 
equation (1) is valid, the time taken to reach any given percentage of COHb 
should be inversely proportional to [Og], provided the latter is present in 
excess. That this is so is shown by the results of Table II, all of which were 
done by the rapid flow method. 

Table II 


[O,] in flmt teat lit in Moond teat 


Teat Temp 0 C pn |0.] in eecoed teat in tint teat 

8 ) . 8 10 0 2 0 2-1 

) .. . 7 10-0 2 0 2-0 

(«) . 15 7-2 0-0 8-0 

It) . 7 7-2 2-0 2 0 


Each test consisted of two experiments with different [0,], but the same 
[CO], [OjHb] values. 

A further set of tests was also done by the shaking method (Part IV). 5 cc 
of dilute 0,Hb solution were shaken in a 120 cc tonometer with the gas mixtures 
shown in Table III for periods of time directly proportional to the O t pressure 
in the gas phase in each experiment. 


Table III 


% CO In 

tonometer 

% 0, in 
tonometer 

Time of a hiking 

% COHb at end 
of ■ hiking period 

0*2 

21 

mins 

6-00 

40-5 

0-2 

15-7 

4-00 

48 

0-2 

10-A 

3-00 

51 

0-2 

5-2 

1-50 

50 

0-2 

2*0 

0-75 

52 


On the basis of equation (1), the same percentage of COHb should be reached 
in each test. Table III shows that, within the limits of experimental error, 
this is so. 

A more detailed description is given of the final test made by the rapid flow 
method. 
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Six reagents were prepared, of these:— 


Intermediate volumes used 40 oo, 
Intermediate volumes used 56 oo. 
Intermediate volumes used 87 oc. 
Intermediate volumes used 164 cc. 
Intermediate volumes used 908 oo, 


Bottle X = 12 litres water equilibrated with a gas mixture containing 23 mm 
CO, 161 mm Of 

Bottle Y — 12 litres water equilibrated with a gas mixture containing 28 mm 
CO, 4 mm 0* 

Bottle 1=4 litres of solution p^ 10 -|- 4 oc blood + gas mixture containing 
45-5 mm O a . 

Bottle 2 = 4 litres of solution pa 10, + 4 co blood + gas mixture containing 
87*0 mm Of 

Bottle 3=4 litres of solution p B 10, + 4 co blood + gas mixture containing 
160 mm Of 

Bottle 4=4 litres of solution p n 10, -f- 4 co blood + gas mixture containing 
440 mm O r 

An observation tube 20 cm long was used and glass tubes with volumes 
ranging from 40 co to 483 cc were inserted between the mixing chamber and 
the observation tube, according to the speed of the reaction being measured. 
Thus in Table IV- 

Experiment a = bottle X + bottle 1. 

56 cc. 

Experiment b = bottle X + bottle 2. 

87 cc. 

Experiment e = bottle X + bottle 3. 

164 cc. 

Experiment d — bottle Y + bottle 3. 

808 cc. 

Experiment e = bottle Y + bottle 4. 

483 oo. 


Table IV—a, p, y in millimols per litre, p B 10, temperature 12° C 


Experiment 

a 

p 

y 


(a) . 

0 0149 

0-00378 

0-007 

0-38 

(6) . 

0 0149 

0-00378 

0*109 

0*47 

(«i . 

0 0149 

0-00378 

0*188 

0*44 

(<*) . 

0-0149 

0-00378 

0-339 

0*40 

(•) ■—. 

0 0149 

0-00878 

0-638 

0*49 


Avenge. 0*41 
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The values of m' are seen to be the same within experimental error, oven 
though [Oi] wag varied about 11-fold. This strongly supports the validity 
of equation (1) as regards the effect of varying [OJ. 

The results of Table IV are, on the other hand, particularly difficult to 
reconcile with Hill’s equation. For, according to the latter, the rate of the 
reaction would be expected to vary as 1/tOJ". Taking n =3 2-5, this would 
mean that in experiment (a) of Table IV, the rate of the reaction should have 
been about 130 times faster than in experiment (e). Actually the rate was 
only 10-2 times faster, whioh agrees well with equation (1), on the basis of 
which a factor of 11 *2 times would be expected. 

The general result of all these tests is, therefore, that over the pn range 
6*0-10*0 the rate of the reaction is satisfactorily fitted by the equation 

d [COHbJ/dt = ^ [CQn QjHb] . 

IV*] 

Table V 

m' at pH in question 


Experiment pa m' at pa 10 

(a) fi-8 1*32 

8-3 1*41 

6*9 0*86 

7*8 104 

10*0 100 

(ft) 7*4 1-87 

90 100 

(c) S-fl 1-02 

100 1*00 

(d) 7-4 0-85 

100 1*00 

(e) 6*2 1*30 

10 0 1*00 

(/) 0*3 1*65 

100 100 


D —Effect of pa and Temperature upon m' 

(i) pa —Experiments (d) and (e) of Table I were both done on the same 
sample of blood and show no appreciable effect of upon m'. In the majority 
of such tests, however, the value of m' in the pa range 6-7 was found to be 
Bomewhat greater (vis., about 30-40%) than in the range pg, 7-10. In Table V 
the ratio of m' at each pa to its value at p& 10 (on the same blood) is given, 
so as to make the comparison as easy as possible. 
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, The relatively alight effect of pu was unexpected and will be discussed again 
in (3. 

In most of the experiments the 0,Hb was simply dissolved in tap water 
(pa 7 *4) and the pu was controlled by the addition of buffers to the CO solution. 
Controls in which the buffers were equally distributed between the 0,11b 
and the CO eolation gave the same value for m'. This shows that the rapid 
ionic changes which the haemoglobin suffers when mixed with the various 
buffers are without influence on the observed value of m\ For further 
discussion of this matter, reference should be made to an early paper, by 
Hartridge and Houghton (1923, b, p. 423). 

(ii) The Effect of Temperature —Hartridge and Houghton (1923, a) calculated 
the temperature coefficient for their velocity constant it,, which was based on 
the kinetic equation d [COHb]/<ft = k t [CO] [0,Hb]. 

Unfortunately, however, they did not know at that time that the velocity 
of the reaction was also inversely proportional to the concentration of dis¬ 
solved 0„ and since there is no certainty that the latter was the same in their 
experiments at different temperatures, the temperature coefficient determined 
by them is not necessarily equal to that of m', the velocity constant of the 
present paper. Preliminary experiments, at Pb 5*6, show that the tempera¬ 
ture coefficient of m! may indeed be distinctly higher than the value given by 
Hartridge and Roughton for that of their k t , but further investigations are 
needed. 

Section 2—The Bate of Displacement of Carbon Monoxide from 
Combination with Hemoglobin by Oxygen 

A — Experimental 

In the case of this reaction some further experimental information is 
desirable. 

Most of the experiments were done with the moving fluid method; very 
dilute solutions of carboxyhemoglobin (1 part blood to 1000 or more parts 
buffer solution) were mixed with equal volumes of oxygenated water (in 
equilibrium with gas phases containing 1 atmosphere or more of oxygen). 
Such amounts of dissolved 0, are sufficient to cause the %OOHb to 
drop from an initial value between 90 and 100% to a final value between 30 
and 40%: this gives sufficient range for observations at intermediate per* 
centages to be made. Farther details as to the preparation of the solutions 
are given in Part IV. 
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The mixed fluid passed through suitable intermediate volumes, and thence 
-through a 20-om observation tube of the type figured by Hartridge and 
Houghton (1920, fig. 2). Herein were made determinations of %COHb in 
the running fluid. In most tests the fluid took rather less than 1 second to 
traverse the observation tube; this time is very short compared with the 
half-period of the reaction at room temperature, so there should have been no 
•appreciable heterogeneity error due to the reaction having proceeded further 
in some parts of the spectroscopic fluid under observation than in others. 

The observation tube was wrapped in silver paper, so as to collect as much 
light as possible on to the spectroscope, which was carefully clamped, so as not 
to shift relatively to the tube. As source of light a 60-watt Opalite lamp was 
used. Controls showed that if the lamp was placed at least 20 cm from the 
observation tube, it did not cause any appreciable photochemical dissociation 
of COHb in the fluid whilst traversing the tube. This is a necessary pre¬ 
caution, since, as is well known, light displaces CO from combination with 
haemoglobin in favour of O a ; this effect is very pronounced in dilute solution, 
for a given decrease in %COHb produces a correspondingly smaller increase 
in [CO] than in strong hemoglobin solutions. 

B — Tests of the Equation for the Reaction 

Equation (10.2) of Fart IV, if rearranged as regards signs, runs 

- d [COHb]/* = m [COHb] - - . 

L u sJ 

This equation has been tested with satisfactory results in the present reaction 

also. 

In order to got dear out resulta it is obviously desirable, if possible, to use an 
JOJ high enough for the back reaction term, — m! [CO] [OjHbJ/fOJ, to be 
negligible in comparison with the rate of dissociation of COHb, for under such 
conditions the simple equation d [COHb]/* = — m [COHb] should be 
applicable. 

The easiest way to test whether our ideal has been achieved is to raise the 
[Og] further, and then see whether any increase in the observed rate of dis¬ 
sociation of COHb ooours. If no appreciable increase is noticed, then it may 
be concluded that in both cases the [OJ is high enough. 

The test is thus exactly like that used by Hartridge and Houghton (1923, 6) 
in their work on the rate of dissociation of O^Hb in the presenco of Na,8,0 4 . 
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* 

E^re they showed that above a certain [Naj8,0 4 ] the rate of dissociation of 
OjHb was not increased, and therefore that in the two stage process 
OjHb -► 0, -f Hb, followed by O a + Na,Sj0 4 -*■ oxidation products of 
the second step occurs so much faster than the first that the overall rate of 
dissociation of O t Hb is simply proportional to the [OgHb], without any com* 
plication due to any back reaction between O t and Hb. 

In the present paper, COHb takes the role of the OgHb, and O a takes the 
role of the NagS/Dj in the 1923 paper. 

(i) A Typical Experiment —In fig. 2 are plotted the results of experiments at- 
Pb 6*3 (phosphate buffer) and at pn 10 (ammonia-ammonium chloride buffer). 
At each p^ two different values of [OJ in the mixed fluid were used, viz.:— 

(a) Partial pressure of dissolved 0 a (*.e., pO t ) = £ atmosphere. 

(b) pO, = 1 atmosphere. 



(«) (6) 

Fra. 2—Effect of varying oxygen concentration upon rate of dissociation of corboxy- 
luemoglobin at (a) 6* 3 and (6) 10-0. © } atmosphere pO,; X, 1 atmosphere pO*. 

It will be seen that at each pn the rate of dissociation of COHb occurs rather 
faster at the higher [OJ than at the lower [OJ, so that our ideal has not 
been realized. The discrepancy between the two rates is, however, small 
enough for a rough extrapolation to the ideal condition to be carried out 
as follows. 

The slower rate of dissociation of COHb, when pO a = } atmosphere is duo 
to the greater velodty-of the back reaction between CO and Hb. According to- 
Section I, the velocity of the back reaction *= m' [CO] [0J3b]l[0^. Therefore, 
in fig. 2, the back reaction rate between t «■ 0 and t ■*» 70 seconds should be, 
with sufficient accuracy, twice as great when pO a *= ] atmosphere, as when 
pO a = 1 atmosphere, the back reaction rate for pO a =*■ 1 atmosphere -* 
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(back reaction rate for pO t = | atmosphere — back reaction rate for pO t * 1 
atmosphere). Since for 


pO t = j atmosphere [COHb] = 62% 
pO a = 1 atmosphere [COHb] = 59% 


at 70 seconds Pu 6*3. 


It can readily be seen that in the ideal case when the [OJ becomes so large 
that the back reaction between CO and Hb is negligible, the [COHb] would 
tend to the value 59—(62— 59), i.e., 66%. 

The true value of the velocity constant m should then be given by: — 


i.e., 


, [COHb] at t = 0 
0g * [COHb] at f = 70 


= m x 70, 


m — 0-0066. 


(ii) Four Tests of the Equation — d [COHb]/dt = m [COHb]—(a) Log [% 
COHb] plotted against time should give a straight line. Fig. 3 shows 
that this is true within the limits of experi¬ 
mental error. Unfortunately, however, the 
points all fall within a range (viz. 90-65% 

COHb) where the reversion spectroscope is 
not very accurate. The precision in the 
value of m is hence only ± 20%. 

(i b ) The value of m should be independent 
of the initial %COHb. In one ex¬ 
periment at Ph 10, temperature 14° C, 
the initial [COHb] * 86%, [COHb] = 

64% at 82 seconds—whence m = 0-004. 

In a second experiment at the same p B 
and temperature and with the same blood the initial [COHb] = 34%, [COHb] 
= 26% at 82 seconds—whence m =>0*0036. 

These two values of m agree with one another within experimental error in 
spite of the large difference in the initial %COHb. 

(o) The rate of change of % COHb should be independent of the total 
Hb concentration. This occurred in two experiments of which the first was 
done by the present technique on blood diluted to 1 in 2000, whereas the 
seoond was done by the shaking method (described later) on the same blood 
diluted 1 in 50. The rate of change of %COHb was roughly the same in the 
two experiments. 



Fio. 3—Test of unimoleoularity of 
reaction. 
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(S) Comparison of the rates of the velocity constants with the equilibrium 
constant of the reaction. A further test of the equation proposed for the 
present reaction, and of that proposed for the displacement of Of by CO from 
hemoglobin in the previous section is that the ratio of m' to m should be equal 
to M, the equilibrium constant of the reaction.* 

Four such testa were made, and are summarised in Table VI. Experiment 
A was done on one sample of blood, and experiment B on another. 

With the exception of the jfa 0 • 2 test in experiment B the agreement between 
m'/m and M is within the limits of experimental error: the discrepancy in 
this one test may perhaps be due to some chance error in the measurement of 
m or m'. If this doubtful test is excluded, the average value of the ratio 


m'/m to M = 1*02. 

PH 

Table 

m' 

VI 

tn 

m'/m 

M 

m'/m -+- M 

Experiment A — 
Temperature 18° C ... 

6 2 

1*05 

00107 

182 

108 

0-02 

1X0 

1-60 

0-0083 

181 

221 

0-82 

Experiment B— 

Temperature 16° C .... 

6-2 

2-00? 

0-0078 

370! 

207 

1-78? 

100 

213 

0-0091 

234 

177 

1*32 


In general it may be conoluded that within the rather wide limits of experi¬ 
mental error of the present observations, the rate of dissociation of COHb in 
presence of excess of O t does conform to the equation 

= — m[COHb]. 
cU 


C —The Effect of p a and Temperature 

(i) The Effect of p u —The effect of p^ is very slight, as may be seen by com¬ 
paring the values of m at pa 6 • 2 and at pa 10 in Table VI. 

In experiment A the ratio of m at 6*2 to m at p B 10 = 1*29 

In experiment B the ratio = 0*86. 

In a third experiment the ratio =* 1 *14. 

*[NoU added in proof, June 20, 1034—M was obtained in the following way: dilute 
0,Hb solution was shaken with a series of gas mixtures containing suitable known 
pressures of CO and of O r The %COHb, when equilibrium had been reached, waa 
measured by the reversion spectroscope. M is then given by the average value of 
IOJ [COHb]/[CO] [O.Hb]. 
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The nearness of the average value of the ratio, viz., 1*10, to unity shorn 
that the effect of pg, if any, is within experimental error. The result will be 
discussed further in the next section. 

(ii) The Effect of Temperature upon m —The study of this factor is not yet 
completed,T>ut the results so far indicate a rather high temperature coefficient, 
viz., of the order of 4 per 10° C. 

D— Preliminary Experiments with the Shaking Method 

Description of Technique —One part of blood is diluted with 40-200 parts of 
buffer solution, and shaken with a suitable pressure of CO so as to saturate the 
hemoglobin, without having an appreciable amount of CO present in physical 
solution. 

5 cc or more of this solution is then introduced into a tonometer containing 
an oxygen gas mixture; the volume of the gas phase in the tonometer should 
be at least 100 times greater than that of the liquid phase, otherwise the CO 
which dissociates from the Hb and escapes into the gas phase will mount to 
too high a pressure. The tonometer is at once violently shaken for a known 
period, at the end of which the tonometer is stood vertically, and the blood 
solution run out as quickly as possible iqto a glass trough. The %COHb 
is then determined at leisure by the reversion spectroscope. Whilst the solution 
stands in the trough, there is a further alight fall in %COHb owing to the 
system proceeding to equilibrium in the liquid phase between the O t , CO, and 
Hb in solution. Calculation, however, shows that usually this correction is 
not more than 2% COHb with the stronger solutions of hemoglobin used in 
the present method. 

Practical Application of the Method —(i) It has already been mentioned that 
the ■hairing method and the moving fluid method give concordant results over 
the range 90-70% COHb, wherein the correction for the back reaction is in 
both methods slight. 

As an example of the application of the method, the following experiment 
may be quoted. 

30 oo of CO-blood solution (1 in 40), pg 10, temperature 14° C, were shaken 
in a 4-Htce tonometer with a gas mixture containing O t at pressure of (a) 350 
mm Hg, (b) 960 mm Hg. After 4 minutes shaking tire percentage of COHb 
was in (a) 43%. 

The correction for the further change in percentage of COHb whilst the 
solution stands in the trough is, in this test, only 0*5%. The true value of 
the [COHb] at the end of shaking was therefore 43*5%. 
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la (b) the observed figure was 37% and the final correction figure 39%. 
The oxygen gas phase and the shaking are, in this example, not quite sufficient 
to permit the dissociation of COHb to proceed unopposed. Extrapolation to 
the ideal condition can, however, be made in the same manner as before, the 
figure bo obtained is 39 — (43’5 — 39) X 360/(960 — 360), i.e. t 36-6%, and 
the value of m = 0*0040. 

(ii) The method has also been applied in two tests to a suspension of unl&ked 
corpuscles. No difference could be found in the rate of dissociation of COHb 
whether the corpuscles were laked or unlaked. Use of this observation has 
already been made elsewhere by the writer (Houghton, 1932) in working out 
the joint effects of diffusion and of chemical reaction velocity in the red blood 
corpuscle. 

Section 3 

A—The fact that the two reactions studied in this paper conform to the 
equation 

d [COHb]/dt -= _ m [COHb] 

[OJ 

both as regards their velocities and their equilibrium is most readily explained 
by the hypothesis that the complete reactions really consist of a series of pain 
of reactions: 

HbgOg ^ HbjOj -f Oj | 

Rb 4 O a -f CO v* Hb 4 0,(CO) I 
Hb 4 Og(CO) ^ Hb 4 0 4 (C0) + O, \ 

Hb 4 0 4 (C0) + CO vi Hb 4 0 4 (C0), J 
Hb 4 0 4 (C0), vi Hb 4 Oj(CO)j + O, ) 

Hb 4 0^C0), + CO t* Hb 4 0,(C0) t I 
Hb 4 0g(C0), vi Hb 4 (C0), + 0, ) 

Hb 4 (CO), + CO vi Hb 4 (CO) 4 J 

and that the simplest Langmuir principles apply to all these constituent 
reactions. This idea has already been developed at the end of Part IV, 
to which reference should be made. In this connection one related point 
may be emphasized. The equilibrium between oxygen and hemoglobin, on 
the general intermediate compound hypothesis, is given by the equation 


%OtHb ^ K,p + 2K,K«p» + SKiKgKaP* + 4K,K«K,K.P* 
100 4 (1 +K 3 p + KjKtf* + KjK.Ktf* + *&&&&) • 
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where K t , Kg, K„ K 4 are the respective equilibrium constants of the inter¬ 
mediate reactions, and p = [0 J. At high [0 J this equation reduces to the 
simplified form 

[Hb] [0 J — 

i.e., on the intermediate compound hypothesis the dissociation curve should, 
at high values of [0 J, tend to become a rectangular hyperbola, even if it is 
S-ahaped at lower values. This consequence has never been verified by direct 
experiment, although indirect confirmation is given by the facts recorded in 
Tables II, III, and IV of Section 1 , namely, that at varying high [OJ, but 
constant [CO] and [0,Hb], the rate of displacement of 0 , by CO is over a 
wide range inversely proportional to [OJ. 

B —The Effect of p^. 

In both reactions the relatively slight effect of p n is anomalous and needs 
further discussion. 

(i) The Effect of p H on m'—On the general view that the displacement of 0, 
from combination by CO involves first of all dissociation of an O, molecule 
from hemoglobin and then a combination of CO with the gas-group so set 
free, it was at first surprising to find that m* was not markedly larger in acid 
solutions. For the affinity of 0, for mammalian hemoglobin is as a rule 
much smaller in acid solutions, and hence there should, at given [0 J, be far 
more free gas-groups available for CO to combine with than in alkaline solu¬ 
tions. 

On the intermediate compound hypothesis, however, it is not essential that 
tn r should be largely affected by For on this view 



where l\ = velocity constant of any of the reactions 

CO + Hb 4 0| -► Hb 4 O fl (CO) 

CO + Hb 4 0 4 (CO) -► Hb 4 0 4 (CO), 

CO + Hb 4 0, (C0) t - Hb 4 0, (CO), 

CO + Hb 4 (CO), ^ Hb 4 (C0 ) 4 

K 4 has already been defined, and consideration soon shows that previous 
data give no information as to how l\ and K 4 are affected by 
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Thus the remits in Part V on the rate of combination of CO with fully- 
reduced Hb dearly do not tell us anything about any individual velocity 
constant in the chain of the reactions of the intermediate compound theory. 
We cannot be sure that the value of I' 4 does not decrease in add solutions and 
thus counterbalance the effect of any decrease in K 4 upon the value of J' 4 /4K 4 , 
i.e., 

Furthermore, although the dissociation curve of OjHb is greatly shifted by 
acidity, this does not necessarily mean a large effect on K t . For, in the general 
equilibrium equation of the intermediate compound theory, the terms KjKjp* 
and KjKjKap* are as a rule found to be unimportant as compared with the- 
Kjp term and the K^K^KjK^p 4 term, especially the latter. As long as K t 
and KjKjKgK^ decrease largely with increasing acidity, the requisite effect 
of add on the dissociation curve is explicable. Now a large decrease in Kj 
and in K 1 K t K > K 4 does not neoessarily involve a large change in K 4 . Thus 
until some independent method is available for measuring l\ and (for 
suggestions in regard to the latter see the discussion by Forbes and -Houghton 
(1931)), we cannot on the intermediate compound theory predict, with any 
safety, what effect pa should have upon m'. 

There is also another possible explanation raised by some experiments given, 
in a later paper of the present series. When an 0, molecule dissociates from 
Hb 4 and is replaced by GO under the conditions of the present paper, the length 
of time during which the combining group of the Hb 4 molecule so concerned is 
free, i.e. not combined dther with O t or CO, must be very short, %.e. of the order 
probably of 1 /100 second, as suggested by rough calculation. It is conceivable 
that there may be a quick equilibrium between oxygen and hmmoglobin, 
which differs from the usual slow equilibrium observed in disso c iatio n curve 
experiments with tonometers, owing, possibly, to some tautomerio change 
occurring after the quick equilibrium is reached. If this were so, then the 
effect of Pb upon such a quick equilibrium might well be different from its 
traditional effect on the oxyhemoglobin dissociation curve. The matter 
will be raised again in Part VII wherein another possibility of a ■Swiilai’ kind 
will be discussed. 

(ii) The Effect of pz on m —If m' is but little affected by pg, and the some ia 
also true of the equilibrium constant of the reaction, M (as has already been 
shown by numerous investigators and confirmed by us over the pa range- 
5’6-10’0), then since m'Jm * M, rt would be expected that m sbnwld be like¬ 
wise but little affected, as is shown to be the case in Section 2. 

From another point of view, however, the slight effect of Pa upon m ia 



The Kinetics of Hcsmoglobin 


489 


surprising. The rates of combination both of O f and of GO with Hb are only 
slightly dependent on Ph, but the O l -dissooiation curve and the CO-dissociation 
carve of haemoglobin ore both markedly affected by pn, and so also according 
to Hartridge and Houghton (1923, b ) and Millikan (1933) is the rate of dis¬ 
sociation ef OjHb in the presence of sodium hydrosulphite. Since the CO 
reactions with Hb are so closely parallel in every way to the O, reactions, it 
might well be expected that the velocity of dissociation of COllb would be 
greatly affected by p Bt just as is the velocity of dissociation of O s Hb in presence 
of N&gSjO^ 

There is, however, an important difference between the two cases. When 
oxyhaemoglobin dissociates in presence of Ha s S 3 0 4 , the Hb 4 molecules, on the 
intermediate compound hypothesis, pass successively through the stage of 
having all four of their gas combining groups saturated to the zero stage in 
which none of these groups are saturated. But when carboxyhaemoglobin 
dissociates in the presence of excess of oxygen, the Hb 4 molecules would 
never have, in appreciable degree, less than three of their gas combining 
groups occupied by O a or CO, and for the most part would have all four of the 
groups occupied by one or other of these molecules. It is possible, as already 
suggested in discussing the relatively alight effect of p n upon m', that the effect 
of pa upon equilibria and velocity constants may only show itself, when there 
is present an appreciable amount of haemoglobin with less than three groups 
occupied by 0 9 or CO. 

Very accurate observations on the CO-Hb dissociation curve at the extreme 
top (say, between 98 and 100% COHb) if carried out at different pu’s should 
throw light on this point as regards equilibria. Preliminary calculation has 
shown that the necessary accuracy might be reached if relatively large volumes 
of completely saturated CO-Hb solution were shaken with relatively small gas 
phases and the amount of CO evolved into the gas phase at equilibrium were 
then measured by a modification of the methods used by Forbes and Houghton 
(1931). It is hoped later to test this proposal. 

As regards velocity constants the idea could be conceivably tested further 
in two ways. 

(a) If some suitable reagent could be found, which would combine with 
dissolved CO, without reacting directly on the hremoglobin, then the rate of 
dissociation of COHb could be observed under the same conditions as the 
rate of dissociation of OfHb in presence of Na f S a 0 4 has been observed, and it 
would then be most interesting to see whether the effect of p n was similar to 
its effect in the latter test. 


vol. cxv.— B. 
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Unfortunately, however, the type of reagent available for the purposes, 
such as that used for absorption of CO in gas analysis, is harmful to the hemo¬ 
globin. 

Some preliminary experiments at p n 10 have been carried out on the rate of 
dissociation of carboxyhnmoglobin in presence of fenicyanide. According 
to Conant (1923) there is no direct action of ferricyanide on COHb or O a Hb, but 
dissociation occurs as a result of a two stage process, viz., COHb -► CO + Hb 
followed by Hb + ferricyanide -► MetHb. 

The actual rates of dissociation were observed to be about 50% faster than 
the rate of dissociation of COHb in presence of O a . This method, however, 
can scarcely be held to be suitable for our purpose. For on the intermediate 
compound hypothesis, we must assume that there also exist compounds 
intermediate in composition between that of fully reduced haemoglobin and 
that of methaomoglobin. During all but the earliest stages of dissociation 
of CO there may be in existence haemoglobin molecules in which one or more 
of the combining groups is combined with CO, one or more of the groups is 
free, and one or more of the groups is turned into a methaemoglobin type of 
group. 

There is no reason to suppose that the rate of dissociation of CO from a 
haemoglobin molecule of this triple character would be the same as from a 
hemoglobin molecule, with its combining groups either free or only occupied 
by CO. 

(6) If, in the displacement of O a by CO from Hb, the concentration of CO 
could be raised, and that of O t lowered, enough for the rate of the two-stage 
process to be governed not by the second step, i.e., the rate of combination of 
CO, but by the first step, i.e., the rate of dissociation of 0, from the hemo¬ 
globin molecule, theu it might be possible to find out whether the rate of 
dissociation of the first of the four O a molecules, which is combined with the 
haemoglobin molecule when the latter is saturated with O a , was insensitive to 
p u just as is apparently the rate of dissociation of the first CO molecule. A 
preliminary experiment of this kind was tried, and only slight difference was 
observed in the rate of decay of the percentage of oxyhemoglobin at 6-0 
and 10-0. Unfortunately, however, the concentrations of CO and of O a could 
not with the apparatus available be so regulated as to ensure that the first 
step of the two-stage process was the sole governor of the rate of the whole 
process. It is hoped to make some further attempts along this line. 

One further point may be mentioned in conclusion, still amiming the applic¬ 
ability of the intermediate compound hypothesis. If the first of the four 00 
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molecules combined in 100% oarboxyhamoglobin dissociates at a rate almost 
independent of p H , whereas the complete dissociation of all four GO molecules 
(when carried out in a manner analogous to the dissociation of oxyhemoglobin 
in the presence of NagSgOi) dissociates much faster in add than in alkaline 
solution, then the only remaining explanation would seem to be that some or 
all of the CO molecules, which dissociate after the first one, must do so much 
more quickly in acid p H than in alkaline solution. 

Summary 

1— The velocity with which CO displaces O t from combination with haemo¬ 
globin is expressible by the equation: 

d [COHb ]/dt = 

IvJ 

over the first half of the reaction, during which the velodty of the back reaction 
is negligible. The equation was tested with a wide range of concentrations of 
each reagent and found to be valid, m ' is but slightly affected by pa, and 
the quantitative results accord with the intermediate compound hypothesis 
of Adair, rather than with Hill’s equation. 

2— The velocity with which 0, displaces CO from combination with hemo¬ 
globin conforms to the equation 

- d [COHb]/* -- m [COHb] - — J2QL . 

LOjJ 

The value of m can be calculated from experiments at two different values of 

[OJ. 

It is found that, within experimental error, m'/m = M, where M = the 
equilibrium constant of the reaction CO 4 - 0,Hb ^ 0, -j- COHb. tn also is 
but slightly affected by p a . 

3— The relatively slight effect of pa both on tn, and on was rather un¬ 
expected, but its theoretical implications are discussed at length. 
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APPENDIX 

Comparison op Results obtained by several Independent Methods tor 
Measuring the Rate of Displacement of Oxygen from Combination 
with Haemoglobin by Carbon Monoxide 


A —The 14 Light ” Method and the 44 Mixing 99 Method 

Hartridge and Roughton’s earliest work on this reaction (1023, a) ante¬ 
dated their invention and application of the mixing-chamber technique. 
Instead, they irradiated a dilute solution of COHb (containing also much 
dissolved O a ) with light of strong intensity, thus causing the combined CO to 
be replaced by O t . In the dark the system returned to its original condition 
and observations on the rate of return were made by— 

(i) A flow method , in which the solution after passing through a brightly lit 
tube emerged into a darkened tube, at various points of which the 

' %COHb was determined in the running fluid. 

(ii) A stationary method. In this the irradiating light intensity was suddenly 
much reduced, and observations were made on the rate of shift of the 
oc*absorption band in the spectrum as the system returned to the COHb 
condition. Fuller details of the method are recapitulated below. 

The numerical results of the present paper by the mixing methods agree 
well with those obtained by the original 44 light ” method ; to clinch the matter 
it is necessary to compare the results, by the two methods, on lisemoglobin 
prepared from the same blood and with identical values of [CO], [0 J, and 
[OfHb]. The details of this test were as follows: bottle A contained a solution 
of CO, and bottle B a solution of Hb prepared in the usual way, the concen¬ 
trations of the reagents being so adjusted that the time required for the resultant 
reaction to proceed to half completion was about 5 seconds. The two bottles 
were then connected with a mixing apparatus having an observation tube of 
12-8 mm diameter. The spectroscope was then set at a very short distance 
from the mixing chamber with the micrometer screw so adjusted that the 
oc-bands of a solution of 70% COHb would be in exact alignment, and the taps 
of the two bottles turned on. Whilst the solution was running the percentage 
of COHb was practically nil, and the a-bands in the two spectra therefore 
appeared quite out of alignment. The two taps were then suddenly turned 
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off at the same instant. As the reaction proceeded in the stopped 
fluid the two a-bands moved relatively to one another till finally at an 
instant reported by the observer they appeared in alignment with one another. 
The time taken from the instant at which the taps were turned off to the 
instant of correct alignment was noted, by means of a stop-watch. The 
following times were obtained in a Berios of readings in one experiment: 
7-4, 8*6, 8-2, 9*2, 8*2, 10*0, 10*6, 8-0, 8*6, 8*2, 9-2 seconds, average = 8-8 
seconds. 

The intensity of light passing through the solution was now increased 100-fold 
by means of the technique described in an earlier paper (Hartridge and Rough- 
ton, 1925), the solution in the observation tube being still that remaining at 
the end of the above experiment. The strong light intensity caused the 
whole of the CO to be displaced from the Hb, and 0*Hb to be re-formed. 
At a suitable instant the intensity of the light passing through the 
solution was suddenly reduced 100-fold (t'.e., to the same value as 
prevailed during the movement of the bands in the former experiment), 
thus causing the displacement of 0, from Hb by CO to occur once 
more. The time taken by the bands to come into alignment was measured 
as before. The readings obtained were 8-8, 7*9, 6-8, 7-2, 11*0, 7-8, 7, 8-8, 
7-8, 9-2 seconds, average == 8*3 seconds. The agreement with the previous 
figure, 8*8 seconds, was as good as could be expected. A similar comparison 
of the time taken by the solution to reach 55% COHb gave 4*0 seconds by the 
mixing method and 4*6 seconds by the light method. 

The agreement between the two methods is not only satisfactory from the 
technical point of view, but also serves to answer a possible theoretical objection 
to the “ light ” method. In the latter it is assumed that the chemical effects 
of the strong light disappear at the moment at which the light is interrupted, 
and that there are no photochemical “ after-effects ” such as ore known to occur 
in certain reactions. For this assumption, there was at the time of the earlier 
paper no independent evidence. The result of the present test, however, 
shows that such photochemical “ after-effects,” if they exist, arc negligible 
in their effect as regards the velocity of the reaction under examination. 

B —Comparison of Results obtained by the" Flow ” Method and the 
“ Stationary ” Method 

In our earlier paper (Hartridge and Houghton, 1923, a) we compared the 
results obtained by the “ stationary ” method with the results obtained by the 
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“ flow ” method, which has since become a basal feature in the measurement of 
rapid reactions. The hemoglobin, however, was not prepared from the Bame 
sample of blood in the two tests. We therefore thought it desirable to repeat 
the comparison with identical conditions in each experiment. It was found 
that the time required to reach 26% COHb when mixing was followed by the 
usual flow method was 1 *7 seconds, whereas when mixing was followed by the 
stationary method just described, the average time was 1-8 seconds. This 
agreement is within the limits of experimental error and so confirms the 
reliability of both methods. 

C —Comparison of Flow Method, and Shaking Method 

In the flow method— 

Bottle A = blood 1 in 1000, pn 10, equilibrated with gas mixture containing 
760 mm Hg O t pressure. 

Bottle B = water equilibrated with gas mixture containing 15 mm CO 
160 mm O r 



Fig. 4.—Comparison of flow method, 0, and shaking method, x. 

In the shaking method— 

5 cc of blood solution, p# 10, was shaken in a tonometer with a gas mixture 
containing 7-6 mm CO, 460 mm 0 r The result is shown in fig. 4. During 
the first half of each process, in which the concentrations of dissolved [CO] 
and dissolved [OJ are about the same, the two methods check satisfactorily; 
during the latter half the shaking method gives higher results, but this is due 
to the fact that the final equilibrium percentage of COHb was about in 
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higher in the shaking experiment than in the flow experiment, which latter 
was, consequently, slowed by the back leaction at an earlier stage. 

It may thus be concluded that all these varied methods give concordant 
results for the particular reaction in question. This confirms our confidence 
in the general validity of the experimental technique used in this and in other 
papers of this series. 


612 . Ill. 14 

The Kinetics of Hcemoglobin VII —Some Notes on the Reactivity 
of Freshly Reduced Hemoglobin 

By F. J. W. Houghton 

(Communicated by H. Hartridge, F.R.S.—Received February 2, 1934—Revised 

April 17, 1934) 

Introduction 

Various results, which are anomalous from the theoretical point of view, 
have been described and discussed in our previous papers, notably in those 
dealing with the displacement of 0, by CO from combination with haemoglobin, 
and vice versa. The fact that these anomalies were specially found where 
dissociation of 1 molecule, s.p,, of Oj from haemoglobin, is quickly followed by 
combination with another molecule (e.g., of CO), so that the group in the 
haemoglobin molecule concerned only remains free for a very short time, 
suggested to us the possibility that such freshly formed and short lived groups 
might difler in reactivity from that of the same groups, when allowed a longer 
period of life before meeting the second reactant. 

For the sake of brevity such freshly-formed and shortly-lived molecules 
will be referred to as " new ” molecules, whilst the molecules with which they 
are to be contrasted in activity will be called 11 old.” 

Hartridge and Houghton (1926) have already pointed out that by using 
a number of their mixing chambers in scries, the reactivity of transient inter¬ 
mediate compounds can be detected and followed. Such technique, which 
will be described more fully l>elow, has been applied to several types of hemo¬ 
globin reaction, and though in most experiments the results have been negative, 
there were two reactions in which the results were consistently positive: 

(a) The rate of combination of CO with " new,” as compared with “ old ” 
reduced Hb at alkaline j>b and room temperature. 
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(6) The equilibrium between 0 t end “ new,” as compared with “ old ” Hb 
at acidpB* 

Section I —Results 

A— The Reactivity of CO with “ New ” and “ Old ” Hemoglobin 

The experimental arrangement is shown in fig. 1, four large stoneware 
bottles A, B, C, D were half filled with the following solutions:— 

A—Water free of dissolved 0,, to which had been added completely reduced 
blood (1 part blood to lb-26 parts water), ».e., a dilute solution of 
completely reduced blood. 

B —Aerated water + the same proportion of the reduced blood UBed in A, 
the blood, however, being reoxygenated before being mixed with the 
water. 

C—0-4% NajS t 0 4 solution made up in ammonia-ammonium chloride buffer 
Pa 10, or phosphate buffer p B 6-6. 

D—Water containing a suitable amount of dissolved CO. 



Fig. 1—Arrangement for measuring rate of combination of CO with “ old ” and “ new *’ 

reduced hemoglobin. 

The leads from A and B were joined by a T-piece, the stem of which connected 
with one inlet of a mixing chamber M a . 

The second inlet of was joined to C, whilst the outlet of M x was connected 
by a variable length of tubing to the inlet of a second mixing chamber Mg. 
The other inlet of M t was joined to D. By applying compressed gas to A, B, 
C, D, and opening the appropriate dips on the leads issuing from them, either 
the combination A + C + D, orB + C + D was caused to run, and the rate 
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of formation of COHb determined in the usual way by spectroscopic observa¬ 
tion upon the fluid issuing from M t into the observation tube O' attached 
thereto. With the combination A + C + D, the rate of the reaction GO + 
“ old ” Hb is measured, whereas with the combination B + C D the rate 
of the reaction GO +“ new ” Hb is measured, the “ new ” Hb being that which 
is freshly formed by dissociation of the OjHb. The volume of tubing con¬ 
necting Mj to M a was adjusted so that there was just time for the 0*Hb to 
be almost completely reduoed before reaching M*. At room temperature the 
time allowed between M x and M a was usually about 0-2 second, but in some 
experiments this was shortened to 0*1 second. 

An alternative method of doing the “ old ” Hb experiment is to dispense 
with the bottle A altogether, and to insert a by-pass of much larger volume 



Fio. 2—Difference between rate of combination of CO with “ new " and “ old ” reduced 
hnmoglobm at p H 10. 

between M x and M tl * t.e., so that the “ time ” between and M t , if this route 
is taken, is at least 2 seconds. In practice experiments were carried out by 
both methods. 

Where possible, it was arranged that the observer, who took the spectro- 
scopio readings on the fluid moving down the observation tube was ignorant 
of whether he was examining the ACD combination or the BCD combination, 
and his actual readings were taken down for him without his knowing what 
they were. 

The results of one suoh experiment at 10, room temperature ciroa. 16° C 
is shown in fig. 2. The difference between the reaction velocities is well out¬ 
side experimental error, the ratio of the velocity constant for the CO -f “ new ” 
Hb reaction to the velocity oonstant for CO + “ old ” Hb reaction being 
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about 2. The final per oent COHb readied after several seconds wm, however, 
the same in the two experiments. 

Font similar experiments on other samples of blood at the same 2 >h *nd 
temperature gave values of the ratio of 2, 1*7, 2*9, 2*5, whence the average 
value =• 2-2. 

At pa 10 and 33° C, however, the two reaction velocities agreed with one 
another within experimental error. 

Two experiments at pu 6*6 and at room temperature gave values for the 
ratio of 1*0 and 1*2, mean = 1-1. This discrepancy is not ontside the limits 
of experimental error. 

As mentioned already, the time, daring which the Na l 8 l 0 4 was allowed 
to act upon the oxyheemoglobin before the mixing with the dissolved GO 
occurred, was arranged to be sufficient for practically complete dissociation of 
the OjHb. If, however, the dissociation was not quite complete, this should 
tend to retard rather than to hasten the subsequent reaction with CO. It does 
not therefore seem possible to explain the faster rate of the GO + “ new ” Hb 
reaction in this way. 

It might also be held that the NagS t 0 4 is in some way responsible for the 
effect. Against this, however, may be quoted a control experiment in which 
the concentration of the Na^Og was varied 4-fold. There was no change in 
the velocity of the CO + #< new ” Hb reaction. A second objection is to be 
found in the pn 10, 35° C experiment. It is hard to see why a rise in tempera¬ 
ture should abolish an effect due to Na,S s O A . 

Our present view is that these experiments can only be explained by the 
occurrence of some relatively slow change in the hemoglobin molecule after 
reduction.* Whether this change is of a tautomeric type, or of a more physical 
type, e.g ., de-activation of activated molecules, is at present obscure. But 
further confirmation is needed, particularly with alternative technique to 
the reversion spectroscope for following the progress of the reaction. 

We may now summarize our negative experiments, since these were all of 
the type just mentioned. 

(i) It was of great interest to see whether “ new ” Hb prepared as above 
differed from “ old ” Hb in its reactivity with 0, as well as with CO. 

* [Note added in proof, June 20, 1934.—It is also possible that the sadden dilution of 
the hemoglobin which occurs in those experiment* may alter the molecule in some way, 
and thus be in part responsible for the observed effect. This possibility has been 
suggested to ns by the anomalous behaviour of the diffusion constant of hmnoglobin on 
dilution as reported recently by Tieelias and Gross (1934). We hope to investigate this 
ahpeot In farther detail.] 
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No difference could be found either at p B 8*0 or at fa 10 at room tempera¬ 
ture. 

(ii) Reduced haemoglobin solution was oxygenated by mixture with aerated 
water in mixing chamber M v Thence after a variable intermediate length of 
tubing, it flowed into mixing chamber M Sf where is met a solution of Na^O*. 

The rate of dissociation of OgHb in the mixed fluid emerging from was 
measured in the usual way. No difference could be found in the rate of dis¬ 
sociation of “ new ” oxyhemoglobin and of “ old M oxy haemoglobin either at 
p B 6-6 or at p B 10, at room temperature. 

(iii) Three mixing chambers were used in series. The fluids entering the 
first two mixing chambers were identical with those entering the two mixing 
chambers in experiment (ii) so that the fluid emerging from the second mixing 
chamber and thence entering the third mixing chamber was reduced hemo¬ 
globin formed either from “ new ” or from “ old ” oxyhemoglobin according 
to the length of tubing between the first and second mixing chambers. 

The other fluid entering the third mixing chamber was a solution of CO in 
water. As a result it was found that the velocity of the reaction CO + “ new ” 
Hb (formed from “ new ’* 0,Hb) was the same as the velocity of the reaction 
CO + “ new " Hb (formed from “ old ” OJEIb), both at p B 6*6 and at pn 10, 
room temperature. 

For this blood solution a control confirmed that the velocity of the 
CO + “ new 99 Hb reaction at p H 10 was twice as great as the velocity of 
the CO + “ old ” Hb reaction. 

The peculiar condition of the “ new 99 hemoglobin molecule does not there¬ 
fore seem to depend upon the age of the oxyheemoglobin from which it is 
formed provided this age is greater than 0*1 second. We have not data for 
oxyhemoglobin of shorter life. 

B— The Quick and Slow Equilibrium between Oxygen and Hannoglobin 
and the Effect of p n thereon 

For these observations the following experimental arrangement was adopted, 
fig. 3. 

A 6-litre stoneware bottle P contained 3*6 litres of Oj-free water. To this 
was added 1-6 oo oxygenated sheep's blood ; the fluid when well mixed thus 
consisted of a dilute solution of blood containing 80-90% 0*Hb. 

The lead from P was joined to one side of a glass mixing chamber M x whilst 
the other inlet of M connected to a manifold to which were joined leads from 
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three or more stoneware bottles Q, R, 8, etc. Q, R, 8, etc., oontained 0,-free 
buffer eolations of p B ranging from 10*0 to 6*6. 

The outlet of M was connected through a dead space volume of about 6 oo 
with the 20-om observation tube used in our experiments on the rate of dis¬ 
sociation of COHb (see Part VI). 

The solution from P and from one of the bottles, Q, R, or 8, was driven by 
compressed nitrogen through the mixing chamber and observation tube, and 
readings of the %O t Hb in the latter were taken by the reversion spectroscope, 
both on the running fluid and on the stationary fluid obtained by clipping off 



Via. 3—Arrangement for studying alow and quiok equilibria of oxygen with haemoglobin. 

the two bottles P and Q (or R or 8, etc., as the case may be) suddenly *and 
simultaneously. 

The mixing of the fluid from P with an equal volume of Orftee 
solution leads to a decrease in the percentage of O^Hb,* The readings on 
the running fluid, which corresponded to a time of 0*6 to 0*7 seconds 
from mixture, should indicate the position of the quick equilibrium; for, 
according to the experiments of Hartridge and Roughton (1923) on the 
rate of dissociation of sheep oxyhaemoglobin, a time of 0*5-0*7 seconds ought 
to be sufficient for an equilibrium to be reached. The readings on the station¬ 
ary fluid, however, should give the final value of the “ slow ” equilibrium, if 
apectrocopio readings are repeated over a period of several minutes till constant 
values are obtained. 

* The more dilute the solution of hwmoglobin, the larger the ohange in percentage of 
0,Hb to be expected. Henoe the present technique wae designed for the most dilate Hb 
solutions feasible. 
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The results of these experiments which were all conducted at or near 15° 0 
were ae follows:— 

(i) At p H 10 no difference in the quick and slow equilibrium could be detected- 
This experiment shows that even at pe 10 ample time had been allowed for 
oxyhemoglobin dissociation, of the type studied by Hortridge and Houghton 
(1923), to occur. At pa 6-3 where the type of dissociation is much quicker 
there should be no doubt of enough time having been available, and any 
further dissociation would have to be attributed to some other process. 

(ii) At 6-3 (phosphate buffer) the “ quick ” equilibrium value was 45% 
OgHb whilst the “ slow " equilibrium value was lera than 20% O g Hb and 
indeed impossible to measure accurately with the spectroscope. 

At p H 6*3 (acetate buffer) essentially similar results were found : 

Quick equilibrium value = 57% OgHb 
“ Slow ” equilibrium value = 20% OgHb. 

At pa’s more acid than 7, there is a danger of inactivation of the hemo¬ 
globin, especially in dilute solution. The possibility that the difference 
between the “ slow equilibrium ” value and the “ quick equilibrium ” value 
may be due to an inactivation of the haemoglobin having occurred in the 
" slow ” reaction, was tested by collecting some of the fluid which had passed 
through the apparatus, and after allowing it to stand, reoxygenating it. No 
difference was found between the spectroscopic reading of this oxygenated 
fluijl, and the reading for oxygenated blood solution of the same strength, 
which had not been made acid, but instead had been kept at p H 10, where 
there is marked stability against inactivation. Hence it is hard to see how 
any irreversible inactivation could have taken place. 

Evidence of inactivation, however, was found by this tost when acetate 
buffers of pn 5*0 were used, and also with acetate buffer solutions of p H 6*3 
(but not with phosphate buffer solutions p H 6*3) when a brass metal mixing 
chamber was used in place of a glass one. In the latter experiment the 
inactivation might be attributed to traces of copper acetate formed by passage 
of the fluid through the brass mixing chamber, and the subsequent action of 
these traces upon the dilute haemoglobin solution. Since copper phosphate 
is very insoluble this effect would be less likely to arise with phosphate buffers. 

(iii) The difference between the 41 quick” equilibrium values at p H 6*3 
and at p a 10 respectively was only very slight, *.&, of the order of 5% OgHb, 
since most of the “ quick ” equilibrium values lay within the range 50-60% 
COHb whatever the pa value. 
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The difference between the “ alow ” equilibrium values at pg 6*3 and at 
pn 10 respectively was at least 40% OjHb. 

Section II— Discussion of thk Rbsuxts 

The positive results described in this paper are certainly very remarkable, 
and it is most necessary that they should be confirmed and investigated under 
as wide a variety of conditions as possible, and with alternative methods of 
observation of the percentage of OjHb, even though the effects recorded are 
so large as to be unmistakable with the reversion spectroscope. It is possible 
that the photoelectric methods, developed by Millikan (1933), may serve for 
this purpose. Until this has been done, it would be premature to engage in 
detailed discussion. 

Three issues need only be pointed out at this stage:— 

(i) The two positive effects found above are both in the right direction to 
contribute to the explanation of an anomaly commented on in Part VI, namely, 
that the rate at which GO displaces 0, from combination at pn 10 differs so 
little from the rate in acid solutions. 

(ii) These results if established make it hard to believe that any final theory 
of the oxygen-carbon monoxide-haemoglobin reactions can ever be reached 
from the intensive study of equilibria alone: a contribution from the kinetic 
ride would seem to be an indispensable addition. 

(iii) There is much analogy between the reactions of O t and CO with hemo¬ 
globin on the one hand, and the reactions of enzymes with their substrates 
and inhibitors on the other hand. In the latter similar phenomena to those 
described in this paper would introduce a new development into enzyme 
kinetics. 

Sumuabt 

1— Previous results suggested that the reactivity of freshly formed hemo¬ 
globin compounds might sometimes differ from their reactivity after standing. 
Of a number of reactions investigated, two proved positive. 

2— The rate of combination of carbon monoxide with hemoglobin freshly 
reduced from oxyhemoglobin was measured by mixing the latter with Na^3 g 0 4 
solution, and then 0-1-0-2 seconds later mixing the first mixture with a third 
solution containing dissolved CO. It was thus necessary to use two or more 
mixing chambers of the Hartrid ge-Rough ton apparatus in series. 

At pa 10 and at room temperature the rate of the reaction with “ new ” Hb 
was about twice as fast as with Hb more than 2 seconds old. The effect die* 



The Kinetics of Hcemoglobin 


503 


appeared when the temperature was raised to 33° C, or the p^ lowered to 6-6. 
Controls suggested that the effect was not caused by the Na^S t 0 4 present. 

3—“ Quick ” equilibrium between oxygen and hcemoglobin was studied by 
driving a dilute solution of the latter into a mixing chamber where it met an 
equal volume of water, free of dissolved oxygen. The emerging fluid was 
examined after varying intervals of 0*5 seconds and upwards by the reversion 
spectroscope. 

Both at Ph 10 and jtq about 6*3 the percentage 0!Hb dropped from about 
90% to a value between 50-60% after 0*5 seconds, there being little difference 
between the “ quick ” equilibria in the two cases. At p u 10 there was no 
further change on standing, but at 6-3 there was often a further drop to 
below 20% O t Hb. Thifl was not due to inactivation of the hcemoglobin. 

This result, if confirmed, would suggest that the effect of acid oa the affinity 
of oxygen for hcemoglobin may in part be due to some relatively slow secondary 
process. 
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The Projection of the Forebrain on the Pons and Cerebellum 
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(Communicated by 0. Elliot Smith, F.R.S.—Received March 29,1934) 

[Puns 21-28] 

Introduction 

Although the ezistenoe of the cortico-pontine fibres has long been recognised 
and their functions partially eluoidated in more recent times, there has as yet 
been no solution of the problem of their distribution in the pons and projection 
on the cerebellum. The thorough investigation of the problem requires 
prolonged and tedious experimental work and has, probably on that account, 
hitherto been largely neglected. But experiments are not performed only 
by man. In obscure reoesses of the animal kindgom lie hidden experiments of 
Nature which, confined within the limits of the direction of evolution chosen 
for them, have been condemned to carry their eccentricity to its logical con¬ 
clusion. Experiments of an even more casual nature have been performed 
by the indiscriminate invasion of every part of the human brain by patho¬ 
logical processes; but it is only by the patient collection and examination 
of vast masses of records that any continuous narrative can be extracted from 
the ohaotio whole. 

Of the three types of experiment available it is more economical of time and 
material to chose that which comes ready-made: the method of comparative 
neurology. This, even if it does not supply a complete answer, at least provides 
valuable dues for the more accurate direction of the other methods. 

This investigation lies primarily within the realms of comparative neurology, 
and its starting point is with the most extravagant of all Nature's experiments 
in the mammalian line: the Monotremea. By a combination of macroscopic 
and microscopic examination, and by comparison with a large series of brains 
of n>*Twiw*l» which may be regarded as representatives of the mote usual trend 
of evolution, a partial solution of the problem under investigation has been 
obtained. In addition, as much experimental and clinical evidence bearing 
upon the matter in hand as could be obtained has been incorporated in the 
general conclusions. It cannot be pretended that the results of this enquiry 

* " Walter sad Elisa Hall" Travelling Medioal Research Fellow of Sydney University, 
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supply a complete answer to the question of the projection of the forebrain 
on the pons ami cerebellum, but it is felt that sufficient evidence has been 
collected to support very strongly the conclusions which have been reached. 

During the progress of the work some difficulty was found in adapting 
the results to the generally accepted cerebellar nomenclature and it was found 
necessary to alter this to a certain extent. Elliot Smith (1903, 6, c, d) divided 
the cerebellum into three primary lobes—anterior, middle, and posterior— 
using the primary and secondary fissures as Iwundary lines. Shortly after¬ 
words Bolk (1906) divided the cerebellum into anterior and posterior lobes 
only by means of the fissura prirna. In his extensive investigation lngvar 
(1918) supported the sulKlivision into three lobes, but regarded the fiiaura 
prmpyramidftlis as the boundary between the middle and posterior lobes. 
The essential difference between the classifications of Elliot Smith and lngvar 
lies in the fact that the former author considered the pyramid part of the lobus 
mediutt, the latter part of the lobus posterius. More recently Riley (1930) 
has reverted to the division of the cerebellum int-o anterior and posterior lolws 
separated by the fissura prirna. In the present investigation it has been 
found necessary to adopt the primary subdivisions of Bolk and Riley. Thus the 
cerebellum is regarded in the present paper as being composed of two lobes 
only—anterior and posterior—separated by the fissura prirna. This practice 
has several points of merit which may be briefly summarized :— 

1— The fissura prim a is the first, dividing line to appear in the cerebellum 
both embryologically and phylogenctically, it is the most constant of all the 
fissures which appear and it is the only one which completely divides the whole 
cerebellum from one lateral border to the other. On the other hand, the 
secondary and pr®pyramidal fissures appear much later and are not concerned 
in the 'primary subdivision of the cerebellum. Further, they are not constant 
in their order of appearance and frequently fail to subdivide the whole bulk 
of the organ. 

2— The adoption of this simpler classification at once al>olishes any essential 
disagreement between the subdivisions of Elliot Smith and lngvar. The 
examination of a large Beries of cerebella has shown that, in terms of their 
nomenclature, both authors were correct, for in some animals the pyramid is 
derived from what has been called the lobus mediua and in others it is just as 
clearly an offshoot of the lobus posterius. It is much more convenient to 
combine the middle and posterior lobes as one large posterior lobe : then the 
pyramid is merely a portion of the posterior lobe and not of any particular 
part of it. 

vol. cxv.— b. 2 m 



500 


A. A. Abbie 


3—Experimental results show that the cerebellum should be regarded as 
composed of two physiological units— which correspond to the anterior and 
posterior lobes of this paper—separated by the fissura prima. MacNalty and 
Horsley (1909) found that the ventral spino-cerebellar fibres are distributed 
chiefly posterior to the fissura prima, the dorsal spino-cerebellar fibres chiefly 
anterior to it. Moreover, Mussen (1927) showed that secondary fibres from 
the gracilc and cuncate nuclei follow two pathways which accompany the dorsal 
and ventral spino-cerebellar fibres and are distributed in the cerebellum in 
exactly the same fashion. In this paper it will be shown that the cortical 
connections, too, are distributed in the anterior and posterior lobes sym¬ 
metrically about the fissura prima. 

These points have been discussed with Professor Elliot Smith who was very 
ready to admit their force, and it is with his full approval that subdivision of 
the cerebellum into anterior and posterior lobes only, separated by the fissura 
prima, has been adopted. 

One further note of explanation is necessary. It has been found that the 
cortico-cerebcllar connections arc related chiefly, if not entirely, to the culmen 
of the anterior lobe and its lateral extension in the hemisphere—the anterior 
crescentic lobule ; and to the declive, folium, and tuber of the posterior lobe 
and their lateral extensions—the posterior crescentic lobule, the superior and 
inferior semilunar lobules, the biventral lobule, and tho tonsil. In this descrip¬ 
tion the term ‘‘culmen ’* implies the culmen plus its lateral extension, the term 
“ declive-tuber complex ” the declive, folium, and tuber and their lateral 
extensions. The culmen in this sense means the whole of the cortical pro¬ 
jection area in the lobus anterius and is the equivalent of the dcclive-tuber 
complex which represents the whole of the cortical projection area in the lobus 
posterius. As a further simplification the temporo-pontine, parioto-pontine, 
and occipito-pontine fibres arc all classified together as “ temporo-pontine ” 
fibres. 


Material and Methods 

The description of Echidna is based upon the examination of 10 brains in 
all. Of these three were fully dissected and another split in median sagittal 
section. For microscopic examination six series of sections cut either trans¬ 
versely or sagittally, and stained by various methods, were available. In the 
case of Omithorhynchus I have been compelled to rely largely upon the published 
descriptions by Ziehen (1897), Elliot Smith (1899, a, 1902), and Iiines (1929). 
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but I have been able to examine sevoral series of sections most of which were 
incomplete. 

Gross marsupial material was abundant and I hod access to six brains which 
included those of Dasyurus viverrinus , Per armies nasuta , Macropus cugenii , 
M. thetidis , and another macropod of unknown species, and Phascdomys 
urrinus. No complete series of any marsupial brain stained for fibres could be 
obtained, but I was able to examine some incomplete series of the brain of 
Notoryctes iy phi-ops, of a wallaby and of Dasyurus viverrinus . Six mouse 
brains—of which two were dissected—were studied and also two complete 
series of transverse sections stained by the methods of Cajal and Hanson. 
In addition to the above many brains of rodents, insectivores, edentates, 
carnivores, ungulates, lemurs, and monkeys were used for comparison and 
sometimes dissected. The enquiry was completed by the examination of 
six human brain-stems and cerobella, and many series of transverse micro¬ 
scopic sections. 

The specimens examined were closely compared with published accounts of 
similar brains. The papers by Elliot Smith (1903, 6, c, d), Bolk (1906), and 
Ingvar (1918) were of great assistance as regards the cerebellum itself, and 
Elliot Smith’s catalogue (1902) and his papers on the Edentates (1899, b) 
and Lemurs (1903, a) were continually consulted for information concerning 
brains which were not available. From all these it was possible to compare, 
not only the brains actually at hand, but also thoBe which could not be obtained, 
and thus extend the scope of the onquiry considerably. 

Thus the results depend upon ample data. It is unnecessary to describe 
in detail the whole of the material examined, and six brains oidy are employed 
for description. They illustrate the salient points of the account and cover 
adequately the whole of the field of enquiry. 


The Projection of the Pons on the Cerebellum 

If the point of entrance of the trigeminal nerve be taken as a rough guide, 
the fully-developed pons in the highest primates and man may bo regarded as 
comprising pre- and retro-trigeminal portions, fig. 6, Plate 26. As is well 
known, the trigeminal nerves in the Monotremcs enter the brain-stem in 
front of the pons, fig. 1, Plato 2i. It has been shown in a previous paper (1934) 
that the pons in the Monotremes represents the retrotrigeminal part only of 
the fully-developed pons, and that the rostrum (of Elliot Smith, 1899, a) is 


2 M 2 
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the aborted rudiment of the pretrigeminal pontine development. The tip 
of the rostrum covers the caudal pole of the interpeduncular ganglion as does 
the pretrigeminal pons of other mammals and the caudal border of the pons 
covers the rudimentary corpus trapezoideum almost entirely, so that the sixth, 
seventh, and eighth nerves are attachod to the brain-stem immediately against 
the pons. 

In 1902 Elliot Smith showed that the lobus anterius of the cerebellum is 
enormously hypertrophied so that it occupies almost the whole of the dorsal 
surface as well as the anterior surface. I have shown that this hypertrophy 
is restricted to the culmen, fig. 1, Plate 21, for the lingula and lobulus centralis 
are almost normal in size. At tho same time the lobus posteriuB is very small. 
The nodule, uvula, and pyramid are not diminished so the lack of development 
is exhibited by the dcclive-tuber complex. This is particularly well seen from 
the dorsal aspect. In the previous paper the abortion of the pretrigeminal 
pons has been correlated with the rudimentary condition of the declive-tuber 
complex ; the purely retrotrigeminal pontine development with the hyper¬ 
trophy of the culmen. 

In practically all marsupials, and in many primitive true mammals, the pons 
lies entirely anterior to the entering trigeminal nerve; that is, it pre¬ 
sents a purely pretrigeminal development, figs. 2 and 3, Plates 22, 23. In the 
wide interval between tho pons and corpus trapezoideum the commencement 
of the lateral lemniscus is plainly visible. Since the corpus trapezoideum lies 
naked on the ventral surface of the medulla oblongata, the sixth, seventh, and 
eighth nerves are attached freely to its surface, well caudal to the posterior 
border of the pons. In the mouse the gap between pons and corpus trape¬ 
zoideum is not as large as in the marsupial, but the pons is still wholly pre- 
trigeminal, fig. 3, Plate 23. 

Of the marsupials, only the blind marsupial mole, Notoryctes typhlops —as 
far as I can discover—betrays any retrotrigeminal pontine development in 
addition to the pretrigeminal pons. Many primitive true mammals, however, 
show what may be regarded as a precocious retrotrigeminal pontine develop¬ 
ment. Notable amongst these are the hedgehog, mole, agouti, and some of the 
edentates (especially Chokepus and Orycteropus). These will be considered 
when the functions of the cortico-pontine fibres are discussed. 

The cerebellum in the marsupials and primitive true mammals is developed 
quite otherwise than in the Monotremes for it is the culmen which is rudi¬ 
mentary and the declive-tuber complex which is hypertrophied, figs. 2 and 3, 
Plates 22, 23. Thus in these animals with the reversal of development in the 
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pons there is a reversal of development in the cerebellum, and it is impossible to 
avoid the conclusion that these eccentricities are causally related. It seems 
certain, then, that the retrotrigeminal pons is related to the culmen of the 
lobus anterius of the cerebellum; the pretrigeminal pons to the declive- 
tuber complex of the lobus posterius. 

In an ascending phylogenetic scale the pons progressively enlarges in com¬ 
pany with the cerebellum. The growing pons soon extends caudal to the 
entering trigeminal nerve so that a small but definite retrotrigeminal pons 
appears. This new growth covers the anterior border of the corpus trap©- 
zoideum. Such an extension is illustrated in the brain of the golden agouti, 
fig. 4, Plate 24, in whom it may be regarded as rather precocious, but is 
characteristic of most of the higher non-primate mammals, and is best seen 
in the carnivores. The non-primates appear to be unable to advance beyond 
this stage, and the corpus trapezoideum is always only partly covered. It will 
be noted that the cerebellum has increased in size, the increase affecting both 
the culmen and the declive-tuber complex. 

It is only in the evolution of the primates that the pons attains its fullest 
development. Tarsius and the lemurs have all acquired some retrotrigeminal 
pontine development and this is steadily increased in the monkeys. Fig. 5, 
Plate 25, was drawn from the brain of a green monkey, Cercopilhecus sabwus, 
in whom the pons is covering a considerable portion of the corpus trapezoideum 
and is beginning to encroach upon the points of attachment of the sixth, 
seventh, and eighth nerves. At the same time the cerebellum has enlarged 
enormously in the culmen and the declive-tuber complex. The growth of 
the culmen is revealed in the active pushing back of the fissura prim a against 
the opposition of the expanding declive-tuber complex, so that the enlarge¬ 
ment of this has taken place laterally rather than antero-posteriorly. The 
lateral expansion of the declive-tuber complex has pushed the flocculus and 
paraflocculus ventrally and is responsible for most of the bulk of the cere¬ 
bellar hemispheres. The lobus anterius has also expanded to take part in 
the growth of the hemisphere. In marsupials and primitive true mammals the 
anterior tip of the culmen can just be seen from the dorsal aspect peeping out 
from under the hood-like lobus posterius. In many marsupials and mammals 
it is so small that it cannot be seen from the dorsal aspect. But its increasing 
size in company with the growth of the retrotrigeminal pons pushes the lobus 
posterius posteriorly and laterally and provides an expanding contribution 
to the cerebellar hemispheres. In the monkey the lobus anterius occupies 
about one-half of the median sagittal section, and the culmen is complexly 
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divided, but it never overtakes the start of the lobus posterius and never forms 
as much of the cerebellar hemisphere. 

In the highest primates and man the caudal expansion of the pons reaches 
its culmination in the complete burial of the corpus trapezoideum and of the 
points of attachment of the sixth, seventh, and eighth nerves, fig. 6, Plate 26. 
Held (1893) pointed out that in the chimpanzee and man the eighth nerves 
travel a considerable distanoe dorsal to the pons before they reach the corpus 
trapezoideum, and Vernon (1931) has shown that a considerable portion of 
the seventh nerve runs horizontally, dorsal to the caudal part of the pons, before 
it finally emerges from the brain-stem. The trigeminal nerve now enters the 
pons nearer its anterior than its posterior border. 

The cerebellum has enlarged with the pons. The oilmen of the lobus 
anterius has become further subdivided and extends laterally into the hemi¬ 
sphere as the anterior crescentic lobule; the declive-tuber complex bas also 
enlarged and its lateral expansions form the bulk of the hemisphere as the 
posterior crescentic lobule, the superior and inferior semilunar lobules, the 
biventral lobule, and the tonsil. The pyramid is entirely divorced from the 
remains of the paraflocculi and the tonsils appear to be appendages of the 
uvula. 

It is customary to emphasize the growth of the declive-tuber complex (lobus 
medius of Ingvar (1938)) of the cerebellum in response to the increase in 
cortical connections. But although that is undoubtedly correct, it is clear 
from this brief survey that the culmen of the lobus anterius has also enlarged 
to a considerable extent, and that this enlargement is similaily due to the 
increase in cortical connections. If the condition in Echidna is contrasted 
with that in tho marsupial it will be seen that they arc complementary: the 
retrotrigeminal pons of Echidna added to the protrigominal pons of the mar¬ 
supial forms a completely developed pons such as occurs in the highest primates. 
In the cerebellum tho large lobus anterius in Echidna added to the large lobus 
posterius in the marsupial approximates to the well-balanced cerebellum of the 
primates. It has been shown that the purely retrotrigeminal pons is associated 
with a hypertrophied lobus anterius; a purely pretrigeminal pons with a 
largo lobus posterius. It has further been shown that tho hypertrophy of the 
lobus anterius is due to the size of the culmen; that of the lobus posterius to 
the size of the declive-tuber complex. It thus seems certain that the retro¬ 
trigeminal part of the pons is projected chiefly on the culmen of the lobus 
anterius; the pretrigeminal part on the declive-tuber complex. Patho- 
logioal evidence can be adduced in partial support of this statement. Biemond 
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(1931) found that in a case of localized infarction in the caudal part of the pons 
in man the resultant degeneration in the cerebellum was confined to the lobus 
anterius, and especially to the culmen. 

It is clear that the main evolution of the pons has l>een from before backwards. 
In the marsupials and primitive true mammals the pons first appeared in 
front of the entering trigeminal nerves and thence extended caudally behind 
the fifth nerve. The Monotremes alone have pursued a peculiar course of 
evolution which has resulted in the development of a retrotrigeminal pons 
only, thus anticipating the condition in the brain of the highest primates. 
The reasons for this will be considered in the subsequent sections. 


The Projection of the Cerebral Hemisphere# on the Pons 

In another paper (1934) I have shown that there is no fronto-pontine 
pathway in Echidna . The small pyramids lie at the medial border of the 
cerebral peduncles in close association with the substantia nigra, and the 
remainder of the peduncle comprises fibres which correspond to the temporo¬ 
pontine fibres of higher mammals, fig. 7, Plate 27. The absence of fronto¬ 
pontine fibres is an expression of the failure of development of any frontal 
cortex in the Monotremes. Martin (1898) showed that the electrically excitable 
motor cortex in Omitkorhynchus occupies the anterior two-thirds of the lateral 
surface of the cerebral hemisphere, and that there is no iuexcitable cortex 
at or near the frontal polo; that is, there is no frontal cortex. In his investiga¬ 
tion of the cortical lamination in Echidna Schuster (1910) found that his area 
3 extended from the frontal pole over two-thirds of the lateral surface of the 
hemisphere to the pseudo-sylvian fissure. There is no differentiation of any 
frontal cortex and area 3 contains large cells of the motor type. Kappers 
(1933) regards area 3 in Echidna as the equivalent of the motor cortex in 
Omitkorhynchus and I have shown that it is from this diffuse sensory-motor 
area that the pyramidal tracts arise. Thus in relation to the absence of a 
frontal cortex there are no fronto-pontine connections, and there can be very 
little doubt that this lack is further reflected in the abortion of the pretrigcminal 
part of the pons in the Monotremes. On the other hand, there is a largo temporo¬ 
pontine contribution which arises from area 4 of Schuster, and this is catered 
for by the retrotrigeminal pontine development. 

In the marsupials and many primitive true mammals there is no retro- 
trigeminal pontine development, but the pons is large, fig. 2, Plate 22. Gray 
(1924) has shown that in the opossum Didelphyis virginiana there is a definite 
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frontal cortex lying anterior to, and of histological structure different from, 
the excitable motor cortex. Further, Gray and Turner (1924) have demon* 
strated that the excitable motor cortex is restricted to the region around the 
fissure orbit&lifi—and especially to the posterior lip of this fissure—and that 
the histologically determined frontal cortex is inexcitable. These findings 
have been confirmed by Rogers (1924). Thus the marsupials possess what the 
Monotremes lack—a frontal cortex, and such a structure has been demon¬ 
strated in all other mammals above the Monotremes so far examined. With a 
frontal cortex appears a fronto pontine pathway and it is known that this 
exists in all mammals used for experimental purposes for they develop de¬ 
cerebrate rigidity when it is interrupted. Tsai (1925) found that in the opossum 
the substantia nigra lies at the lateral border of the cerebral peduncle—the 
reverse of the condition in Echidna. Turner (1924) excised the motor cortex 
in the opossum and traced the degenerated pyramidal fibres. Although he 
docs not describe their situation in the cerebral peduncle it is clear from his 
diagrams that they lie at the lateral border close to the situation of the sub¬ 
stantia nigra as described by Tsai. Thus the position of the substantia nigra 
provides a rough guide to the situation of the pyramids in the peduncles. 
Since the pyramidal fibres in the opossum lie at the lateral border of the peduncle 
there can be few or no temporo-pontine fibres, for these occupy the lateral 
part of the cerebral peduncle when they are developed. 

Unfortunately I have been unable to obtain a complete series of sections of 
any marsupial brain. I have examined some through the cerebral peduncle 
of Dasyurus viverrinus stained both for cells and fibres. In these, fig. 7, 
Plate 27, the substantia nigra can be seen at the lateral border of the peduncle. 
This finding confirms Tsai’s observations and makes it very likely that the 
pyramidal fibres are situated at the lateral border'of the peduncle also. Two 
complete series of sections through the brain of a mouse were examined. 
These were stained by the methods of Cajal and Ransom In these it was 
possible to follow the pyramidal tracts in a reverse direction from the medulla 
oblongata through the pons to the peduncle with some difficulty. In these 
sections the interesting observation was made that, although the bulk of the 
non-pyrainidal fibres in the peduncle arc of fronto-pontine nature, a few 
temporo-pontine fibres can be found at the lateral border of the peduncle and 
these end in the most anterior part of the pous. Apart from these the pyramidal 
fibres occupy the most lateral part of the peduncle in close association with the 
greatest development of the substantia nigra, fig. 7, Plate 27, and the medial 
three-quarters or more of the peduncular fibres are of frontal origin. 
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From this comparison it appears the absence of frontal cortex and fronto¬ 
pontine fibres in the Monotremea is reflected in the aborted condition of the 
pretrigeminal pons, and that the temporo-pontine fibres are related to the 
retrotrigeminal pons and are thence relayed to the culmen of the anterior lobe 
of the cerebellum. In the marsupials and primitive true mammals the poor 
development or even complete absence of tomporo-pontinc fibres is expressed 
in the absence of any retrotrigeminal pons, the fronto-pontine fibres ending in 
the pretrigeminal pons and being relayed to the declive-tuber complex of the 
posterior lobe of the cerebellum. In view of the fact that some temporo¬ 
pontine fibres can be found in the mouse ending in the front of the pretri¬ 
geminal pons it appears that this relation is not quite absolute, and that there 
may be a few temporo-pontine fibres in the marsupial also. 

There is some experimental evidence in favour of the view that there are 
few temporo-pontine fibres in lower mammals. In the cat there is a small 
but definite retrotrigeminal pontine development. Therefore, a prwri, one 
would expect to find definite but small temporo-pontine connections. Weed 
(1914) and Warner and Olmsted (1923) have demonstrated experimentally 
that the fronto-pontine pathway is well developed in the cat. Bernis and 
Spiegel (1925) excised that cortical area in the cat which corresponds to the 
temporal region in the primates and obtained results which indicated that 
temporo-pontine connections exist. Warner and Olmsted stimulated electri¬ 
cally the cut surface of the cerebral peduncle in the cat. When they excited 
the medial border of the peduncle they stimulated the fronto-pontine fibres 
and obtained inhibition of the decerebrate rigidity, but no muscular movements. 
When they stimulated the lateral border of the peduncle, however, they obtained 
muscular movements from excitation of the pyramidal fibres. Thus in the 
cat the fronto-pontine fibres are sufficiently well developed to screen the 
pyramidal fibres in the peduncle from electrical stimulation, but the temporo¬ 
pontine fibres at the lateral border of the peduncle are so few that stimulation 
there excites the pyramids. Even in the cat with a definite retrotrigeminal 
pontine development the temporo-pontine connections are still poorly developed. 

One of the most characteristic features of cerebral evolution in the higher 
apes and man is the progressive expansion of the cortex lying between the 
temporal, occipital, and post-liolandio areas. This is associated with a steady 
increase in temporo-pontine connections which are laid down in the peduncle 
lateral to the pyramidal tracts. Thus the temporo-pontine fibres eventually 
come to equal the fronto-pontine fibres in bulk and the pyramids are pushed 
to the middle third of the crus cerebri. This is the condition whioh is found 



514 


A. A. Abbie 


in man where the pyramids lie in the middle third of the crus cerebri in close 
relation to the greatest development of the substantia nigra, fig. 7, Plate 27, 
which thus appears to have migrated medially. With this increase in temporo¬ 
pontine connections the retro trigeminal pons has progressively extended caudally 
until finally it buries the corpus trapesoideum completely. At the same time 
the culmen oithe lobus anterius of the cerebellum has steadily enlarged. 

As a result of the correlation of these two sections it seems clear that the 
frontal cortex is chiefly related to the pretrigeminal part of the pons 
whence its impulses are relayed to the declive-tubor complex of the 
lobus posterius of the cerebellum, while the temporal impulses are projected 
chiefly on the retrotrigeminal pons whence they reach the culmen of the 
lobus anterius of the cerebellum. It has been shown that some temporo¬ 
pontine fibres end in the pretrigeminal pons and, in view of the fact that the 
frontal cortex continues to expand during the laying down of the retrotrigeminal 
pons, it appears likely that some of the new frontal connections end in the 
retrotrigeminal pons. Thus there is some overlap of representation; this 
is expressed diagrammatically in fig. 8, Plate 28. The crossing of the fibres 
from the frontal and caudal parts of the pons to reach the caudal and frontal 
parts of the cerebellum respectively must take place in the brachium pontis. 


The Functions of the Coriic-o-pontinc Connections 

This paper would be incomplete without an attempt to estimate the signifi¬ 
cance of the cortico-pontine connections. Our knowledge of the fronto¬ 
pontine tTact is more complete both anatomically and physiologically than 
that of the temporo-pontine connection. Weed (1914) first demonstrated 
that injury to the fronto-pontine connection, whether in the frontal cortex, 
internal capsule or cerebral peduncle, induced the appearance of decerebrate 
rigidity which could, however, be inhibited by stimulation of the injured 
surface, or of the cerebellum or red nucleus. He regarded this rigidity as 
being homolateral as far as the fronto-pontine fibres were concerned. He 
also showed that seotion of the middle or superior cerebellar peduncle in an 
otherwise intact animal provoked the appearance of a similar rigidity on the 
same side of the body or, if the fronto-pontine connection were already cut, 
prevented the possibility of inhibition of rigidity by stimulation of the fronto¬ 
pontine fibres. 

Warner and Olmsted (1923) repeated Weed’s experiments and confirmed 
most of his conclusions, but they found that the rigidity resultant upon 
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destruction of the fronto-pontine connection was mainly contralateral while 
section of the middle cerebellar peduncle exercised a homolateral effect. They 
concluded that the fronto-pontine fibres, after ending in the pons, gave rise 
to secondary fibres which passed in the brachium pontis to the opposite 
cerebellar hemisphere. Thence the impulses were transmitted via the brachium 
conjunctivum to the opposite red nucleus. From the red nucleus they cross 
again in the decussation of the rubro-spinal tracts before passingTo the spinal 
cord. Therefore stimulation of the cerebellum produces homolateral inhibition 
of rigidity. The fronto-pontine fibres act chiefly upon the contralateral muscles, 
but they have, in addition, a slight homolateral effect. These results have 
been confirmed by Bemis and Spiegel (1925). 

Kinnier Wilson (1920) has collected a large amount of clinical material 
bearing upon the appearance of decerebrate rigidity in man. He has shown 
that maldevolopmcnt of, or injury to, the frontal cortex, or lesions in the 
internal capsule, mid-brain, pons or cerebellum, can produce a rigidity com¬ 
parable to the decerebrate rigidity experimentally produced in animals. This 
rigidity may bo persistent, or may take the form of tonic fits which may be 
complete manifestations, or may represent isolated 11 fragments ” of decerebrate 
rigidity. The situation of the lesions corresponds closely with that of the 
fronto-pontine pathway os demonstrated experimentally by Warner and 
Olmsted and by Weed, and there can be no doubt that the same mechanism 
is affected. 

Very little is known of the fibres which reach the pons from the temporal, 
parietal, and occipital regions of the cerebral hemispheres. Bernis and Spiegel 
excised the corresponding region in cats and found that there was » slight 
increase in extensor tone chiefly in the opposite fore-limb. They consider 
that this region regulates tonic labyrinthine reflexes. In view of the poor 
development of this area in cats and of the small size of the temporo-pontine 
connections, it is not surprising that the rigidity resultant upon damage in 
this part of the cortex was slight and confined to the fore-limbs. Kinnier 
Wilson showed that temporal lobe abscess produced an effect akin to decere¬ 
brate rigidity. 

From the experiments of Weed, Warner, and Olmsted and Bemis and Spiegel, 
and the clinical findings of Kinnier Wilson, it is clear that injury to the fronto¬ 
pontine pathway alone is sufficient to produce a complete manifestation of 
decerebrate rigidity without the intervention of the temporo-pontine system. 
In rabbits in whom there is no retrotrigeminal pontine development and 
presumably, therefore, few temporo-pontine connections, rigidity is readily 
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produced by section of the fronto-pontine pathway. It appears to be extremely 
unlikely that the temporo-pontine pathway is primarily, or even at all, con¬ 
cerned in the appearance of decerebrate rigidity, and another explanation for 
its presence must be sought. 

According to Elliot Smith the function of the fronto-pontine connection is 
to release the muscles from the rigidity of the 11 standing posture ” and thus 
render them available for any movement which the will decides to impose 
through the pyramidal system. This author (1927) considers that the temporo¬ 
pontine mechanism is involved in the intricate muscular co-ordination necessary 
for the execution of complicated movements required for play and skilled 
work, and for the correlation of hand and eye. Since the temporo-pontine 
connections are fully developed only in man in whom skilled muscular co¬ 
ordination reaches its highest expression this is undoubtedly correct, but it 
appears probable that the temporo-pontine system is capable of exercising 
yet other important functions. 

The temporo-pontine fibres drain an area which in lower mammals is closely 
circumscribed by the primary sensory receptive areas for touch, vision, hear¬ 
ing, and, probably, equilibration. This region shows the greatest expansion 
in the primates and becomes complexly differentiated. At the same time the 
temporo-pontine connections increase progressively in number. In this 
expanding region develop the visuo-auditory and visuo-tactile bands of Elliot 
Smith who has shown how important has been the co-ordination of hand and 
eye in the evolution of the macula lutea and stereoscopic vision, and the 
resultant dominance of the primates. Certainly, then, the temporo-pontine 
connections are favourably situated to effect the necessary co-ordination of 
eye and hand muscles, and their steady increase in the primates enhances the 
possibility of such co-ordination. They are also in a position to correlate 
such movements in response to tactile impressions and thus roinforce the 
information gained from visual examination. In man rhythmic movements 
in time to music have reached a high stage of expression; again the temporo¬ 
pontine fibres are able to effect the necessary co-ordination between hearing 
and muscular movements. In man sports demanding the most accurate 
muscular control of balance, for example, skating, depend upon reaction to 
vestibular, proprioceptive, tactile, and visual impressions, and those can only 
be correlated satisfactorily in the region which lies between the primary 
receptor areas for these senses; that is, the region from which the temporo¬ 
pontine fibres arise. Thus in man and, to a lesser extent, in the higher 
primates, the temporo-pontine connections are developed in equal relation 
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to all the important Benses and provide the opportunity for well-balanced 
muscular response to the resultant. 

In the Monotremes, however, the temporo-pontine pathway is extra¬ 
ordinarily developed ; and this in animals in whom sight is almost atrophied, 
and hearing little better than in birds. Also, it has already been noted that 
there is a precocious appearance of a rctrotrigeminal pons in several very 
primitive mammals. Notorycles typhlops possesses no eyes at all and its 
cochlea has advanced only to a slight degree upon that in the Monotremes. 
The hedgehog, mole, agouti, and the edentates cannot be regarded as exponents 
of skilled muscular co-ordination or the close correlation of touch and vision 
since the mole, at least, is blind. Yet all these animals betray evidence of 
requiring temporo-pontine control. Nor can hearing be invoked for in most 
marsupials the auditory apparatus is fully os well developed as it is in the 
highest mammals, but there are few, if any, tem]>oro-pontine connections. 

The Monotremes, Notorycles typhlops, the hedgehog, mole, agouti, and the 
edentates all have one feature in common : they all live either in burrows or 
in close contact with the ground. Under such circumstances thero is one 
sense which, together with smell, is of more importance than sight or hearing : 
the flense of vibratory perception. It is probable that vibratory impulses 
transmitted through the ground may be perceived both by tactile and by 
vestibular sense. In the case of the Monotremes tactile sensibility of the 
body as well as of the snout is extraordinarily well developed, in the case of 
the other animals it is possible that vibratory perception is mainly through the 
vestibule. In either case it becomes represented corticailv in close relation 
to the origin of the temporo-pontine fibres which thus provide a means for 
immediate muscular reaction in response to vibrations. In the Monotremes 
vibratory perception apparently plays such a large part in their existence that 
they have evolved their powers of muscular response in relation particularly 
to this flense. Wood Jones (1923) has emphasized the extraordinary develop¬ 
ment of the tactile sense of vibrations in Echidna and it seems probable that 
the Monotremes are unique in their development of this sense to the exclusion 
of all others except smell. 

Thus it appears that the fronto-pontine and temporo-pontine tracts are 
complementary in their functions. The function of the fronto-pontine pathway 
appears to be the release of the muscles from the economical rigidity of the 
standing posture immediately tho will decides to alter that posture. But 
the function of the temporo-pontine pathway is infinitely more subtle. It 
undertakes the task of weaving all sensory impulses—tactile, proprioceptive, 
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equilibratory, vibratory, auditory, and visual—into a homogeneous fabric and 
translating the resultant in muscular response which is accurately co-ordinated 
and acutely adapted to the requirements of the situation as a whole, no matter 
how complex it may be. It is only with the attainment of a balanced maturity 
of this mechanism in equal relation to all avenues of information concerning 
the situation in hand that the fullest possibilities of muscular co-ordination 
can be realized. To it man owes the possibility of his highest powers as 
expressed in his work, in sport, and in art. 
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Summary 

1— In the Monotremes there is no frontal cortex. As a result there is 
complete absence of the fronto-pontine tract, abortion of the pretrigeminal 
part of tho pons and failure of expansion of the dcclive-tubcr complex in the 
lobus posterius of the cerebellum. But the temporo-pontine tract is well 
developed and has provoked tho development of a retrotrigeminal pons and 
hypertrophy in the culmen of the lobus anterius of the cerebellum. 

2— In practically all marsupials, and in many primitive eutheria, there are 
few' or no temporo-pontine fibres in the cerebral peduncle, no retrotrigeminal 
pontine development and a rudimentary culmen in tho lobus anterius of the 
cerebellum. But there is a well-developed frontal cortex which gives rise to 
a fronto-pontine tract, a pretrigeminal pontine development and a large 
dcclive-tuber complex in the lobus posterius of the cerebellum. 
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3— In higher sub-primates there is a small but definite increase in the number 
of temporo-pontine connections and a resultant appearance of a small retro- 
trigeminal pontine development. This is reflected in the enlargement of the 
culmen in the lobus anterius of the cerebellum. 

4— In the primates there is a steady increase in the number of temporo¬ 
pontine connections accompanied by a progressive extension of the retro- 
trigeminal pons and a continuous expansion of the culmen in the lobus anterius 
of the cerebellum. 

5— It is considered that the fronto-pontine fibres end chiefly in the pretri- 
geminal part of the pons whence their impulses are relayed to the dcclive- 
tuber complex of the lobus posterius of the cerebellum. The temporo-pontine 
fibres end chiefly in the rctrotrigeminal part of the pons and are relayed to the 
culmen of the lobus anterius of the cerebellum. A few temporo-pontine fibres 
end in the pretrigeminal part of the pons—presumably to be relayed to the 
declivc-tubcr complex, while some fronto-pontine fibres probably reach the 
retrotrigeminal part of the pons to be relayed to the culmen. 

6— The fronto-pontine pathway appears to be related to the release of muscles 
from the rigidity of the standing posture when they are required for action. 
The temporo-pontine connections appear to have evolved in response to the 
need for co-ordinated muscular reaction to the information received by the 
tactile, proprioceptive, equilibratory, vibratory, auditory, and visual senses. 
In some mammals one or more of these avenues of information may be 
developed to the neglect of the others. 
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EXPLANATION OF PLATES 
Key to Lettering 

ee. ped., oerebral peduncle, carp, trap., corpus trapezoideum cu., eulmen. d.t.c., 
deolive-tuber complex, fiss. p., flssura prim a. fits, prctpy ., fissure preepyramidalis. 
ftss. e. f fissure, secunda. ft., flooculus. Jr.p.J., fronto pontine fibres. Jr. ear., frontal 
cortex. Jr. p. tr ., fronto-pontine tract, la. le.m., lateral lemniscus, li., lingula, lo. cen., 
lobulus oentralis. m. cor., motor cortex, iii N., third nerve. V N ., fifth nerve. VI N, § 
sixth nerve. VII N., seventh nerve. VIli N eighth nerve. »d. t nodule, occ. cor., 
occipital cortex. p. t pons. par. cor., parietal cortex, pa. ft., parafiocculus. prt. p. t 
pretrigeminal pons, py., pyramid, py. pyramidal fibres, py. tr., pyramidal tract. 
r.p. t rostrum pontls. red nu. f red nucleus, ret.p., rotrogominal pons. rub. nig., substantia 
nigra, ton., tonsil, tern, cor., temporal cortex, t. pan. tempore-pontine fibres, t. p. tr 
temporo-pontine tract. uvula, v. teg. nu., ventral tegmental nucleus. 

Platb 21 

Fio. I—Ventral, median sagittal, and dorsal views of the brain-stem and cerebellum of 
Echidna, x 3. Note the purely retro trigeminal development of the pons and the 
enormous size of the o id men of the lobus an ten us of the cerebellum. The lobua 
posterius is stippled. In the dona! view of this and other cerebclla the deolive-tuber 
complex is enclosed within the heavy line. 

PLAT! 22 

Flo. 2—Ventral, median sagittal, and dorsal views of the brain-stem and cerebellum of 
a marsupial, Macropus theiidis. x 3. Note the purely pretrigeminal development 
of the pons and the hypertrophy of the dec live-tuber complex of the lobus posterius 
of the cerebellum, especially from the dorsal aspect. 
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Flats 23 

3—Ventral, median sagittal, and dorsal aspects of the brain-stem and cerebellum of 
the mouse, x 3. Note that although the pons is still purely pretrigeminal in 
development it has extended oaudally In comparison with that of the marsupial. 
The deolivo-tuber complex of the lobus postcrius of the cerebellum still forms the 
bulk of this organ. 

Flats 24 

Fra. 4—Ventral, median sagittal, and dorsal aspects of the brain-ntcm and cerebellum of 
another rodent, the golden agouti, Dastfproda aguli. x 3, The pons has developed 
a small retro trigeminal portion and is now covering the frontal bonier of the corpus 
trapezoideum. At the same time tho culmen of the lobus anterius of the cerebellum 
has enlarged considerably, this is especially obvious from the dorsal view. 

Plate 25^ 

Fra. 6—Ventral, median sagittal, and dorsal views of the brain-stem and cerebellum of a 
monkey, Crrcopithecus sabceus. X 2. The retrotrigeminal pons has increased 
considerably in size and now covers a large portion of the frontal part of the oorpus 
trapezoideum. Tho culmen has also enlarged to a great extent and in median section 
almost equals the declive-tubcr complox in bulk. But from tho dorsal view it can be 
soon that the total bulk of the culmen is still considerably Inferior to the total bulk 
of the declive-tuber complex. 

Plate 2fl 

Fio. fl—Similar views of the human brain-stem and cerebellum, x $. The retro¬ 
trigeminal pons now exceeds the pretrigeminal pons in extent and oovere the corpus 
trapezoideum completely. Its relation to tho sixth, seventh, and eighth nerves is 
the same os in Echidna. Tho culmen of the lobus anterius nearly equals the declive- 
tuber oomplex in size in the median section, but the total bulk of tho culmen, as seen 
from the dorsal aspect, is considerably inferior to that of the declive-tuber complex. 

Plat* 27 

Fra. 7—(a) Tran verse section through the cerebral peduncle of Echidna . X 7. Woigert- 
Pal stain. Note that the pyramidal fibres and substantia nigra are confined to the 
medial border of the peduncle and that the rest of the peduncle comprises temporo¬ 
pontine fibres, (b) Section through the peduncle of Dasynrus viverrinu*. x 14. 
Stain unidentified. The pyramids and substantia nigra are situated at the lateral 
border of the peduncle the remainder of which comprises fronto-pontine fibres, (c) 
Section through the peduncle of tho mouse. X 14. Hanson’s stain. A few temporo¬ 
pontine fibres have appeared at the lateral border of the peduncle and the pyramidal 
fibres and substantia nigra appear to have migrated somewhat medially, (tf) Section 
through the human cerebral peduncle, x 3. Weigert-Pal stain. The tempao- 
pontine fibres now equal in bulk the fronto-pontine fibres, and the pyramids. Tho 
greatest concentration of the substantia nigra occupies the middle third of tho 
peduncle. 
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Plata 28 

Fia. 8—-Diagram of the origin, course, and distribution of the fronto-pontine, parieto- 
pontine, and tempoco-pontine fibres and the pyramidal tracts. Note that while the 
bulk of the fronto-pontine fibres end in the protrigeminal part of the pons to be relayed 
to the declivo-tuber complex of the cerebellum, a few pass to the retro trigeminal pons 
to reach the oulmen of the lobus antorlus, On the other hand, most of the temporo¬ 
pontine fibres terminate in the retrotrigeminal pons to be relayed to the oulmen of 
the lobus anterius, but a few end in the front of the pons to reaoh the deolive-tuber 
complex of the lobus posterius. 


631 476 576-809-34 

The Numbers of Bacterial Cells in Field Soils, as Estimated by the 
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Department, Rothamsted Experimental Station 

(Commumoated by Sir John Rusaell, F.R.S.—Received April 23, 1934) 


1. Introduction 

It has long been recognized that the method of counting bacteria in a soil 
sample by meanB of plate counts is valueless as an estimate of the total bacterial 
population, although such counts have undoubted value in comparing two or 
more samples. The numbers obtained by this method represent only a small 
fraction of the total population. L Thia is due mainly to the fact that no single 
plating medium will enable all the diverse groups of soil bacteria to multiply 
and produce colonies. Indeed, many types will not grow on any of the media 
commonly used for plate counts, and it is very uncertain whether those whioh 
do so are of main importance in carrying oat biochemioal changes in the soil 
itself. The number of colonies whioh appear is probably reduced further by 
the fact that, in some soils, many of the bacteria occur in dumps which would 
not easily be broken up in the prooess of making the soil suspension. These 
limitations of the plate method make it very important that a technique 
should'be developed for making accurate estimates of the total bacterial content 
of a soil sample from direct microscope counts. 

The counting of bacteria in dried and stained films has become £ recognised 
technique for milk (Breed,-1911). A comparison between plate and direct 
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microscope counts of milk samples was made by Breed and Stocking (1920) 
and more recently by Buice (1934) who found that the numbers obtained by 
two methods were of the same order. With milk, however, most, if not all, 
of the organisms counted were of types capable of growing upon the plating 
medium used. The application of direct counting methods to bacteria in a 
soil sample is greatly complicated by the presence of the soil particles. These 
introduce difficulties in staining the film, in obtaining an even distribution of 
bacteria over the film, and in estimating the mass of soil examined. 

The difficulty in obtaining a differential stain for the bacteria in a soil film is 
due to the existence of particles of organic material which take up moBt of the 
stains commonly used for bacteria. Much of the soil organic matter consists 
of “ humic acid ” compounds which combine with the common basic dyes. 
Conn and Winogradsky found, however, that if an acid dye were employed, 
these bodies took up little or none of the stain, so that a differential stain for 
the micro-organisms could be obtained. Conn (1918) employed Bengal rose, 
but Winogradsky (1925) found that crythrosine gave a clearer stain. A 
modification of Winogradsky’s staining method is employed in the technique 
here discussed. 

By staining dried films of soil suspensions with these acid dyes, Conn, and 
especially Winogradsky, havo made some very interesting qualitative observa¬ 
tions on the appearance of bacteria in the soil itself thus opening upon a new 
field in soil microbiology. Koffmann (1928) developed a different and somewhat 
cumbersome technique in which a soil suspension, placed between a cover 
gloss and slide, was fixed, stained, dehydrated, “ cleared,” and finally mounted 
in b&lsam by diffusion of the various liquids in from the edges of the cover glass. 
This method may have value for the qualitative study of delicate soil organisms 
that are destroyed in a dried film. It would seem too lengthy to form the 
basis of a quantitative method. 

The preparation of dried and stained films of a soil suspension, however, is 
rapid and simple, and the use of such films for estimating the numbers of 
bacteria in soil naturally suggested itself. Indeed both Conn and Winogradsky 
have devised such methods. 

.Conn (1918) used a direct application of Breed's method already in use for 
counting bacteria in milk. One hundredth of a cubic centimetre of soil sus¬ 
pension of known dilution was spread over a square centimetre of microscope 
slide. The film was dried and stained and the bacteria in random microscope 
fields of known area were counted. Direct calculation from the mean count 
gave the numbers in the original film and suspension. An important factor 
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limiting the accuracy of this method must be the difficulty in obtaining an 
accurate sample of a suspension of soil particles only 0-01 cc in volume. Any 
error in the quantity of soil sampled will be multiplied by a large factor in 
calculating the numbers per gram. Winogradsky (1925) sought to estimate 
the quantity of soil in the film by weighing. Here again the error involved in 
weighing a soil film of perhaps 0-1 mg must introduce a large source of error 
in the final estimate of numbers per gram. 

In both methods the calculation of the number of organisms per gram of 
soil involves an estimate not only of the small mass of soil in the film, but also 
of the number of bacteria in that film. Unfortunately this latter estimate is 
also liable to a grave source of error. It is based on the mean count of a 
number of random microscope fields and its reliability consequently depends 
on the assumption that the distribution of organisms over the film is random/ 
An extensive series of counts which were made by Ktthlmorgen-Hille (1928) 
enables this point to be tested. He made bacterial counts from 19 different 
soils using both Conn’s and Winogradsky's methods and also the plate method. 
The two direct methods gave very different results. The actual counts 
obtained from individual microscope fields by each method are given and have 
enabled the present authors to test the agreement between such replicate 
counts within each sample by calculating the indices of dispersion according 
to the statistic 



where x = any individual count, "i = their mean and S stands for summation 
(Fisher, 1932). Where the distribution of the counts agrees with the expectation 
of random sampling, the value of x a should approximate to the number of 
degrees of freedom. When using Conn’s method, Kiihlmorgen-Hille made 
counts of 40 parallel microscope fields from each of the 19 soils, thus obtaining 
a series of counts having 39 X 19 = 741 degrees of freedom. The values of 
X s for the 19 sets total 1096-16, a value which is quite outside the expectations 
of random sampling. Winogradsky’s technique involves the division of each 
soil sample into five fractions by sedimentation and centrifuging.* Kilhl- 
morgcn-Hille made counts from 24 random microscope fields from each of the 
five fractions of his 19 soil samples, thus providing 95 sets of counts, each having 
23 degrees of freedom, from which to estimate the dispersion between replicate 
microscope fields. Of these, however, six sets gave such low counts, with many 

* This division of the sample complicates the estimate of bacterial numbers owing to 
uncertainty as to the relative value to be assigned to oounts from each fraction. 
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blank fields, that no valid estimation of could be obtained from them. 
Tabic I shows the distribution of the values of y 2 among the remaining 89 
sets, together with the distribution to be expected in 89 sets of random samples. 
Column 2 shows for each value of y} the corresponding magnitude of P, which 
is the percentage probability that a given value will be exceeded in a random 
sample. Here again there is a large excess of high values of y 2 , indeed in 24 
of the sets the values are larger than could occur once in a hundred random 
samples. One must conclude, in default of contrary evidence, that the bacteria 
in a dried film of soil are distributed sojzfteyenly that direct counts from random 

Table I— y 2 indices from 89 sets of 24 replicate microscope field counts using 
Winogradsky's method (from Ktlhlmorgen-Hille's data). 


X 1 ~ 23) 

p 

Number of 

Number of 

r 

acts observed 

sets ex poo ted 



2 

0-89 

10-12 

0-90 

2 

0-89 

11-29 

0-98 

2 

2-07 

1309 

0-95 

2 

4-45 

14-85 

0-90 

4 

8-0 

17-19 

0-80 

2 

8-9 

1902 

0-70 

13 

17-0 

22-34 

0-50 





8 

17-8 

20-12 

0-30 

3 

8-9 

28-43 

0-20 

7 

8-0 

32-01 

0-10 

10 

4-45 

35-17 

0-05 

6 

2-07 

38-97 

0-02 

4 

0-89 

41-04 

0-01 

24 

0-89 


microscope fields do not provide valid samples of the whole film, and therefore 
do not provide reliable data from which to calculate the total bacterial content 
of that film. This conclusion, derived from Kiihlmorgen-Hilie’s data; is 
confirmed by our results, given belo^. 

There are thus two serious difficulties in estimating the bacterial numbers 
in a soil sample from the examination of stained films of that soil. The first 
is that of determining with sufficient accuracy the mass of soil in the film, 
the second that of estimating, from random microscope fields, the total number 
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of bacteria in the film, when these are not in fact distributed through it at 
random.* It seemed possible that these difficulties might be circumvented 
by the use of a ratio method similar to that devised by Wright (1912) in which a 
counted suspension of blood corpuscles is used to determine the density of 
a bacterial suspension mixed therewith. The principle of this method as 
applied to soil is as follows. A suspension of particles of distinctive colour is 
made up and the number of particles per cubic centimetre is determined. A 
known mass of soil is shaken up in a known volume of this suspension and 
films of the resulting mixture are prepared, dried, and Btained. Counts are 
made of bacteria and of added particles in random microscope fields aud the 
ratio of one to the other is determined. Since the absolute number of particles 
added per gram of soil ia known, the number of bacteria is simply calculated. 
This method avoids the necessity of estimating the mass of soil in the film, 
since the calculation of bacterial numbers from tho ratios depends upon the 
mixing of soil and particle suspensions in quantities large enough to measure 
with ease and accuracy. Moreover, the uneven distribution of bacteria over 
the dried film is mainly due to surface tension disturbances. So that, if 
colourod particles of the same size and density as bacteria are employed, it 
seemed probable that bacteria and added particles would be similarly acted 
on by surface tension forces, and that tho ratio between them over different 
areas of tho film would remain undisturbed during drying. One should thus 
obtain a more even distribution of ratios than of bacteria taken by themselves. 

The properties required of coloured particles greatly restricts the range of 
substances that can bo employed. They must be — 

1. Insoluble in water. 

2. Unaltered by drying. 

3. Unaffected by the stain used for the bacteria. 

4. Of a bright colour contrasting with this stain. 

5. Transparent, so that tho colour may show by transmitted light. 

6. Of approximately the specific gravity and size of bacteria. 

* The attempt to avoid the difficulties due to soil in the film was made by Vande Velde 
and Vgrbelen (1930). This method consists in shaking the soil with sterilised milk, 
plus a trmoe of formaldehyde, allowing it to settle and counting the bacteria in films of 
the supernatant fluid. The present authors know of no data enabling them to judge what 
relationship exists between the bacterial numbers in the supernatant milk and those in , 
the original soil sample, A method somewhat similar In principle, in which counts are 
made from an alkaline soil suspension after centrifuging, has been evolved by Germanov 
(1932). 
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After trying many substances it was found that indigotin was the most satis¬ 
factory Bubstanoe and that, in sufficiently small particles, it possessed all the 
above qualities. 

2. Technique 

The technique finally developed was as follows* :— 

A —Preparation of the Indigotin Suspension —Half a gram of finely powdered 
indigotin is well shaken in 500 cc of Nterilc distilled water and the suspension 
is passed rapidly through coarse filter paper ( e.g ., Whatman No. 4). The paper 
should be changed as soon as the pores show signs of becoming choked. The 
suspension is then counted on a heomocytometor, 0*02 mm in depth. There 
should be about 500 million particles per cubic centimetre and their mean 
diameter should be about 1*5 p.. Unless the suspension is used at once, 0 - 2 
gram of HgCl a per litre should be added to prevent bacterial growth. It is 
well to examine a stained smear of the suspension to ensure that it contains no 
stailiable organisms. 

Filtration does not ensure such uniformity in particle size as would be ideal. 
A great advantage would ensue if particles of more uniform size could be 
obtained. Satisfactory suspensions have been made by Dr. Hugh Nicol by 
ohemieal methods, but, hitherto, undesirable bye-products have caused froth¬ 
ing in the presence of soil. 

B —Preparation and Staining of the Films —The soil to be examined is passed 
through a 3 mm sieve and 5 grams are shaken with 25 cc of the oounted indigotin 
suspension for 3 minutes.! The mixture is then diluted with 25 cc of sterile 
0-01% agar and shaken for a further 3 minutes. The agar assists the subse¬ 
quent adhesion of the film to the slide surface. About 5 co of the mixture 
is quickly poured into a specimen tube for greater ease of manipulation. Five 
drops of about 2 mm diameter arc placed on the surface of a carefully cleaned 
microscope slide by means of a mapping pen, the tube being shaken between the 
making of each drop. The drops arc then loft to dry. Such small drops dry 
rapidly and with a minimum of disturbance due to surface tension. Four or 
five replicate slides Bhould be prepared from each soil sample. The slides are 
stained for 10 minutes in 5% erytlirosine dissolved in 5% phenol, and restained 
for 10 minutes in saturated aqueous erythrosino washing in distilled water 
after each stain. The slides are then dried. The second staining intensifies 
the oolouring of the bacteria. Other acid dyes can be used. Bengal rose, 

* A note describing the method was published in * Nature, 1 vol. 122, p. 400 (1022). 

f Soils very poor In bacterial cells should be less diluted. 
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phloxine, cyanosine, and aoid fuohsine have been tested but have not given 
better results than erythrosine.* 

C —Method of Counting —The micro-organisms and indigo particles in a 
number of random microscope fields are counted under an oil immersion. It is 
best to insert in the eye piece a glass disc ruled with a square having 2 ram sides 
and to take only the area oovered by this square as a field. Aoouracy of 
counting is notably increased and eye fatigue reduced by the use of a binocular 
microscope. The number of fields to be counted depends upon the degree of 
accuracy required and upon the numbers of bacteria and indigo particles 
found per field (see below, p. 531). Where five drops on each of four slides 
are examined, it is usually sufficient to count 4 fields per drop so that the esti¬ 
mate of numbers is based on 80 fields. An important advantage of such 
microscope counts is that the preparations are permanent, bo that the accuracy 
of a given estimate can be increased at any time by counting a greater number 
of fields. The number of organisms, o, per gram of soil is calculated according 
to the formula 

_ B 
0 = =5 y - j . 

where y = the number of indigo particles per cubic centimetre of the sus¬ 
pension 5 co of which were added per gram of soil, and B and I the total numbers 
respectively of organisms and indigo counted in the films. A typical series 
of counts is illustrated in Table II. 

3 —Tests of the Method 

(a) Agreement between Replicate Microscope Fields and Drops —A serious 
source of error in other proposed microscope methods of counting soil organisms 
has been the uneven distribution of these organisms over the film. It was 
hoped that, in the present method, ratios of organisms to added particles might 
be more uniform over the film than was the distribution of the organisms 
taken by themselves. This can be tested by calculating the x* indices of 
dispersion between replicate microscope fields. (For method of computating 
the ratio x*> Bee Appendix.) These values have been calculated for nine 
series of counts from soils of three Bamfield plots. The results are shown 
in Table III where column A gives the number of degrees of freedom, n, for 
each' count. Columns B and C show the x 1 indices and the corresponding 

* There U some oonfusion as to the terminology of the flooraodn group of dyes. The 
stain used la “ erythrosine B," (tetra-iodo-fluoresoein). 
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values of P for the counts of micro-organisms taken by themselves. Here, as 
with Ktthlmoren-Hille's material, the micro-organisms are unevenly dis¬ 
tributed over the films, the values of x* being excessive in six of the nine sets, 
and in two of these being extremely high. Columns D and E show the x a 
indices with their values of P for the ratio* derived from the same replicate 
microscope fields. In only one set does the value of x* exceed that expected 


Table III—x a indices of dispersion for ratios of organisms to indigo particles* 
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Barnfleld plot 8-0— 

Sample 1 

S3 

05-82 

0-74 
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0-07 
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50-68 
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Sample 1 . 
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in a random sample. Thus, although the micro-organisms were unevenly 
distributed over the films, the ratios of micro-organisms to indigo particles 
from the same microscope fields did not in general show excessive variability. 
This desirable result must be attributed to the surface tension forces acting 
similarly upon the micro-organisms and upon the indigo. 

In examining a largo mass of data it is more convenient to take the drop 
rather than the microscope field as the unit. A comparison of replicate drops 
also reveals any variability that may be introduced during the making of the 
drops. The values of x* were computed for the ratios found in replioato drops 
from counts of 60 soil samples made by four workers over a period of some 
4 years. The number of replicate drops was usually 15, but varied in different 
sets so that the x* indices are not directly comparable. In order to collect 
the results into a simple diagram the values of P corresponding with each x 1 
index have been taken. Fig. 1 shows the distribution of these values, the 
broken line showing the distribution expected in random samples. The agree¬ 
ment between replicate drops is somewhat closer than would be expected' 
from random sampling and in no set is the variability excessive. The placing 
of the drops on several mioroscope slides also enables any possible error due 
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to variation in staining to be detected, since the ratios from replicate slides 
should also agree within random sampling expectations. They have always 
been found to do this; an example is shown in Table IV. As regards the 
ratios, therefore, there is experimental justification for regarding the random 
microscope fields as valid samples of the whole drop, and the drop as a valid 
sample of the suspension. Since the ratios between replicate drops have been 
found to agree within random sampling, the variance between such drops will 
depend solely on the total numbers of organisms and indigo particles counted 
(see Appendix) and the percentage standard error can be calculated approxi¬ 
mately from the formula 

S per cent. = 100^/I + j = s it 
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Fig. 1—Distribution of the values of P for the X* indices of dispersion between replicate 
drop ratios from counts made by four workers from 60 soil samples derived from 
various sources. 


where B and I ore the total numbers of organisms and indigo particles. In 

fig. 2 the percentage standard errors that should correspond to values of + - 

from 0-001 to 0-015 are shown by the curve, while the crosses show actual 
standard errors between replicate drop ratios calculated from 20 sets of data 
by the empirical method based on the natural logarithms of the ratios (see 
Appendix). This quick method of computing the expected standard errors, 
from the sum of the reciprocals of B and l affords a useful means of forecasting 
from a preliminary count from a small number of microscope fields, how many 
fields must be counted to reduce the standard error between drops to a desired 
percentage. Thus if a preliminary count from microscope fields gives a 
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Btandard error s lt the number of fields, n a , that must be counted to give a 
standard error « a can be obtained from the formula 



such a calculation will often save counting an unnecessary number of fields. 
It should be noted that the standard error here involved is that between 
replicate drops and so does not take into account any variance due to 
the preparation of the filmB from the original samples. Any variance due to 
this cause, however, cannot bo eliminated by counting a greater number of 
microscope fields. 



Fio. 2—Expected and observed standard errors of ratio oounta plotted against ^ ^ 


(b) Consistency of Results —In checking the reliability of the method it is 
further necessary to ascertain whether the personal factor due to the worker 
making the counts introduces any systematic error. Such an error might not 
ailect the random distribution of the ratios found in replicate drops. It is 
also necessary to test the consistency of results obtainable when the method is 
applied to replicate fractions of a single sample of soil. Such a test covers 
possible errors involved in the wholo process of preparing the films from the 
original soil. The following experiment was made to test these two points. 
A sample of soil from Plot 8A of Barnfield was passed through a 3 mm sieve 
and, after thorough mixing, was divided into four portions. Five slides, each 
with five drops, were prepared from each sample. Two workers made counts 
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from different microscope fields from every drop. In the absence of a personal 
error their counts should agree as random samples. Table IV shows the 
numbers of organisms and of indigo particles counted and the resulting ratios 
obtained by each worker from each of the four portions. Column 10 shows the 
sums of the x a indices of dispersion between the two workers’ counts from 
individual drops of each portion. The two series of counts agreed within 
random sampling, no personal error being detected/ Column 11 shows the 
mean ratios obtained from the two series of counts and the last column gives 
the numbers of organisms calculated per gram of dry soil, the moisture content 
varying slightly between the portions. The calculated numbers agreed with 
a standard error for the mean of 3*2% where that expected from random 
samples was 1*55%. The variance between portions is thus not wholly 
accounted for by random sampling. The extra variance was not due to the 
preparation of the films since replicate slides agree as random Bamples (see 
columns 5 and 9). It must thus have been present in the suspensions and 
probably represented a slight heterogeneity in the original soil portions. 

A second experiment, with soil taken from the same plot some months later, 
was made to test the agreement between four portions of a single soil sample 
and gave the results shown in Table V. Here the standard error of the mean 
was 3-33%, that expected from random samples being 3-18%. 

Table V— Counts of micro-organisms from four portions of a sample of soil 

from Bamfield 



Sample 

Organiflms 

Indigo 

Katins 

X* between 
drop ratios 

Millions 
per gram 

A 

477 

424 

1125 

n - 15 
13-72 

of dry soil 
2014 

B „ 


519 

515 

1-008 

10-64 

1815 

C 


459 

419 

1-109 

14-02 

1975 

D 


622 

519 

1-198 

10-15 

2135 


Totals 

Means. 

2077 

1877 

1-107 

48-53 
» 60 

7939 

1984-75 

±66-06 

(3-33%) 


In the above experiments the Bame worker prepared the films from all the 
portions. It is important to ascertain whether any error is liable to be intro¬ 
duced by the worker’s technique in preparing the films from the original soil 
To test this, a sample of sifted garden soil was divided into three portions and 
slides were prepared and stained from each portion by a different worker. 
The microscope counts were all made by one worker with the results shown in 
Table VI. The very close agreement found shows that there was no difference 
due to workers’ technique. 
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Table VI—Counts of micro-organisms from three portions of a soil sample, 
the preparations from each portion being made by a separate worker 



Total counts of— 


y* between 

Millions 
per gram 

Sample 

Organisms 

Indigo 

Ratios 

drop ratios 
n --- 15 

A (P. H. H. 0.) . 

1314 

1603 

0-770 

4-86 

1870 


004 

1264 

0-786 

14 96 

1003 

C (Q. L. J.) . . 

Totals .. . 

90 L 

3200 

1108 

4125 

0-771 

13 4 
33-24 
» -= 45 

1807 

Mean* .. 

1069-0 

1376 

0-778 


1883 

±10-58 

(0-60%) 


C—“ Recovery " of Added Bacteria —The correct estimation by it of a 
previously known number of bacteria added to sterilized sod would seem to be 
the final test of the ratio method. This test has been made several times. 
The method was to count a suspension of u pure bacterial culture on a h»mo- 
cytometer, to add a known volume of this suspension to a known quantity 
of autoclaved soil and at once to prepare films from this soil and estimate 
bacterial numbers by the ratio method. The results of five such tests are 
summarized in Tuble VII. 


Table VII—“ Recovery ” of counted suspensions of bacteria added to sterilized 

soil 


Organisms added 

Numbers 

added. 

Numbers 

found. 

Difference, 

millions 

Percentage 


miliums 

in ill in us 

difference 


per gram 

per gram 

per gram 

E . coli 

8100 

H220 

4-60 

4-0-74 

K.toli 

1100 

1230 

4-70 

4-603 

M . pUtonensi* 

983-3 

978-3 

-5 

-0-61 

R. indiloti . 

880 

847 

— 33 

-3-75 

R. mdiloii . 

2080 

2100 

4-20 

4-0-96 


4 —Numbers of Microbial Cells in Roihamsted Soil 

The micro-organisms seen in stained films of Rothamstcd soils consist for 
the most part of small rods and coccoid rods. Large rods found singly or in 
chains and AzoUbacterAike cells are less common, but are fairly frequent in some 
samples. Cocci of various sizes are sometimes abundant, particularly in the 
Park Grass soils. Many of these arc probably actinomycete spores, and the 
term bacteria, referring to direct counts, is used with this reservation. Frag¬ 
ments of actinomycete- and fungus-mycelium are numerically scarce as com¬ 
pared with bacterial cells. Cells which may be algsc or encysted protozoa 
are often seen, but the method is, of course, not adapted for preserving such 
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large cells sufficiently well to enable them to be identified with oertainty. 
Their numbers are, moreover, too small for counts to be of much value. Trophic 
forms of flagellates have occasionally been identified. Diatoms also occur 
though in very small numbers. 

Other observers have found that the soil bacteria occur mostly as clumps or 
colonies. In Bothamsted soil such clumps, sometimes imbedded in the soil 
colloids, are at first sight a striking feature, but the aotual number of cells in 
these aggregates is small compared with that of isolated cells, which constitute 
more than 80% of the total numbers. 

Table VIII shows the total numbers of micro-organisms per gram found by 
the ratio method in some Bothamsted soils, both arable and grass land, together 
with the results of plate, counts of the same samples made on Thornton's 
medium (1922). The number of cells of micro-organisms in these soils varies 
from 1000 to 4(XX) millions per gram. Taking the average volume of such a 
cell as 1 cubic micron, 1000 million will occupy 1 cubic millimetre and weigh 
about I milligram. An acre of Bothamsted soil to a depth of 6 inches, if 
taken as weighing 1*5 million pounds will thus contain from 1500 to 6000 
pounds of microbial substance having 300 to 1200 pounds of dry matter with 
30 to 120 pounds of nitrogen. 

Table VIII—Bacterial counts from Field Soils 

Total cell Plate Ratio of 
count count total 

Plot Manuring pn of noil millions million! count 

per gram per gram to plate 
of soil ofsoil count 

Bamficld (arable ; continuous mangolds) 

I- 0 Farmyard manure . 7*6 3733 28<80 120*3 

4- A Complete minerals + ammonium 

sulphate. 7-2 1766 161 117 

5- 0 No manure . 8 0 1005 7-56 133*1 

Park Grass (permanent meadow) 

13 Farmyard manure. .. 4-6 2305 2*25 1064*4 

II- 1 Complete minerals + ammonium 

sulphate. 3*8 2403 1*35 1780*0 

12 No manure . 5*6 3041 7*5 405*4 

There is a striking discrepancy between estimates of bacterial numbers 
obtained by microscope counts and by plating (see Table VIII). This is 
particularly great in the grass plot soils, but in this instance the low plate 
counts may be due to the use of a plating medium originally devised for use 
with neutral soils and perhaps unsuitable for the growth of the predominant 
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organisms occurring in the acid grass plot soils. The plate counts represent 
an unknown fraction, probably small, of the total number of live bacteria in 
the soil whereas the microscope counts give the total number of live bacteria 
plus an unknown fraction of dead cells. It does not seem possible to determine 
the number of live bacteria in soil by means of the plate method because no 
single plating medium will support the growth of all the different groups of 
bacteria present, whereas if one attempts to overcome this difficulty by plating 
on several different media, there will be inevitable overlapping, for many 
types will grow on more than one medium. It can be shown that dead, or ^ 
non-viable cells are included in the microsoope count, since an appreciable 
number of cells can still be seen in stained films prepared from soil sterilized 
in the autoclave. Attempts to determine the number of live bacteria directly 
from microscope counts have therefore proved unsuccessful, although the 
authors have made numerous attempts to do this by various differential 
staining methods. It might he possible to derive an approximate estimate of 
the percentage of live cells included in the total count if the rate of disappear¬ 
ance of dead cells in the soil could be determined and were found to be approxi¬ 
mately constant. Counts obtained by plating are derived from cells that are 
" live ” in the sense of viable, t.e., capable of multiplying on a suitable medium. 
There is no a priori reason why the number of viable cells should be more 
closely related, causally, to the biochemical changes in the soil than is the total 
number of cells, which may include many that are unable to multiply but are 
still able to produce chemical changes in their environment. 

A survey of some of the barley plots on Hoos Field, Rothamsted, indeed, 
indicates a relationship between total numbers of micro-organisms and 
fertility. A series of soil samples were taken from 12 plots from this field on 
October 14, 1931, each sample being a mixture of four cores taken at random 
over the plot. From these samples the numbers of micro-organisms were 
estimated by the ratio method. Fig. 3 shows the average yield of straw for 
60 to 76 years plotted against numbers of micro-organisms from 12 of these 
plots. There is a significant association, with a suggestion, however, that 
numbers of organisms are limited to about 3500 million per gram by some 
factor which did not similarly limit the growth of the orop. 

Much more information concerning the behaviour of the total counts of 
nuoro-arganisms in a field soil, will, however, be needed before their relationship 
to yield can be fully eluoidated. For example, the sampling of the 12 plots 
on Hoos Field was carried out in about 1 hour, so that the time factor involved 
in this ^tripling may be important. 
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The plate count from soil samples taken at short intervals of time shows 
marked fluctuations (Thornton and Gray, 1930). It is necessary to discover 
how far these fluctuations also affect the total count before one can estimate the 
validity of counts from samples, taken at only one time. A series of samples 
was taken at 2-hourly intervals from a specially prepared plot of garden soil 
using the sampling technique described by Thornton and Gray (1930). On 
each occasion composite soil samples, each made by mixing six cores, were 
taken from the two halves of the plot and separate counts were made from 
each of the two samples by the ratio method. The numbers obtained are 



Fig. 3 —Bacterial numbers by the ratio method from Hoos Field plots compared with the 
yield of straw. The plot number is shown against each dot. (For manorial treat¬ 
ments soe Roth&msted annual reports.) 

shown in fig. 4. There was a marked fell in numbers during the period of 
sampling and this was statistically significant.* 

The feet that the numbers of miaxhorganisms change not only in space over 
a field but also in time must greatly affect the technique of comparing the 
micro-population of two or more field soils. Thus if the taking of the samples 
to be compared be not strictly simultaneous, an error may be introduced 
owing to changes in the numbers of organisms during the period of sampling. 
Moreover, a single aeries of samples, even if taken simultaneously, may still 

* The variance between simultaneous samples was 38,107 while that b et ween mean 
counts at different times was 800,147. If these variances am compared by Fisher's 
method (1032) the value of s is 1 -62 for which P is kss than 0-01. 



Total Bacterial Numbers in Soils 


530 


give misleading comparisons unless the fluctuations in numbers were to run 
parallel in all the soils compared. The comparison of the Hoos Field plots 
referred to above may be subjeot to error from both of these causes, though 
the present data as to fluctuations clearly provide no means of estimating the 
importance of such sources of error. Fluctuations in numbers of organisms 
in field soils must be investigated as a preliminary to any quantitative study 
of the soil population in the field, since the value of all Buoh work is dependent 
on a knowledge of the variance due to fluctuations. The study and analysis 
of the fluctuations themselves must also be of fundamental importance to the 
extension of our knowledge of the factors that influence the activities of tho 
soil population. 



Flo. 4 —Microscope counts of bacteria from soil samples taken at 2-hourly intervals. 

The dots and crosses represent numbers found in tho two half plots. 
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Summary 

1—There are two serious difficulties in estimating the bacterial numbers in 
a soil sample from the microscopic examination of stained films of that soil. 
The first is that of determining with sufficient accuracy the moss of soil in 
the film and the second that of estimating from random microscope fields 
the number of organisms in tho film when these organisms are not distributed 
through it at random. 
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2— A technique is here described in which these difficulties are avoided, by 
determining, in random mioroscope fields from a parallel series of stained films, 
the ratio between the number of bacteria and the number of indigo particles, 
of which a counted suspension has previously been added to a given mass of 
soiL The bacterial numbers calculated from such ratios are, of course, 
independent of the mass of soil on the film, 

3— It is found that the ratios obtained from parallel microscope fields are 
distributed at random, although counts of bacteria taken by themselves from 
the same fields are much less uniform. 

4 — The accuracy of the method has been tested in the following experi¬ 
ments :— 

(a) The bacterial numbers in four portions of a single soil sample agreed 
within a standard error of 3-3%. 

(b) The numbers found in films prepared by three workers from the same 
soil sample showed no significant differences. 

(c) The numbers found by two workers independently counting different 

microscope fields from the same films agreed as random samples. 

(d) Counted suspensions of bacteria added to sterilised soil were estimated 
with a standard error of 3*5%. 

5— The bacterial numbers found in Rothamsted field soils by this method 
range from 1000 to 4000 millions per gram of soil. 

6— Samples taken from some of the Hoos Field plots showed a relationship 
between the total bacterial numbers and the average yield of straw taken over 
a number of years. 

7— Caution is at present necessary in discussing results obtained from samples 
taken on only a single occasion, since there is evidence of rapid changes in 
numbers of bacteria with time. Successive samples taken from garden soil 
showed significant changes in total bacterial numbers during the course of a 
day. 


Appendix 

By Professor R. A. Fishes, So.D., F.R.S. 

It is important to avoid confusion between the two types of teat for which 
X 1 is used in this paper. If bacteria only are counted we have a single series 
of numbers representing the counts obtained from «' different fields, e.jr., 
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If the different fields contained equal quantities of soil, in which after 
thorough mixture the bacteria were dispersed at random, it is known (Fisher, 
1932, sect. 16) that the number x should constitute a sample of n' from Poisson 
series, such that the probability of counting just x organisms is 



where m iB the average number in all fields. When m is not unreasonably 
small, i.e., if it exceeds about 6 units, the homogeneity of the different fields 
may be easily tested by calculating what is known as the index of dispersion, 
defined as 



with n* — 1 degrees of freedom ; for, on the hypothesis of homogeneity, this 
index will be distributed in a well-known distribution, independent of the 
value of m. Clearly when the values of x vary greatly x* will be lugh, and 
since its distribution is known and readily available it is easy to see if its value 
is too high to admit of the hypothesis of homogeneity. 

When both bacteria and indigo particles are counted, each field will provide 
two numbers, and we are concerned with the stability not of either number in 
itself, but of the ratio between them. This is equivalent to testing the pro¬ 
portionality of the entries in a 2 X n' table of frequencies, for which the table 
of x 9 may equally be used. If b and i stand for the numbers of bacteria aud 
indigo particles counted in any field, and if B and / are corresponding totals 
for all fields, x 9 may be written in the form (Fisher, 1932, sect. 21) 


i 3 qbi-iBp ) 

bj \ bA i r 


where the degrees of freedom are, as before, one less than the number of fields. 
Thus the same distribution may be used for testing the homogeneity of the 
ratios as for testing that of the absolute numbers. 

Where homogeneity exists the importance of obtaining clear evidence of it 
is twofold. In the first place, the fact that the actual discrepancies between 
different fields, drops, or slides are of the same magnitude as those which 
would arise by pure chance in sampling homogeneous material affords a 
guarantee that the technique employed has attained the greatest possible 
precision subject only to the limitation imposed by the number of fields counted. 
In the second place, when the precision has been thus raised to the highest 
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possible level it depends only on the extent to which the material is counted, 
and can therefore be inferred from the total numbers. This is a considerable 
convenience in estimates of standard error, intended for use in tests of signifi¬ 
cance. 

If p is the ratio B/(I + B ), then it is well known that, with homogeneous 
material, the variance of p is given by 

r/ x BI 
F(J>) (/+* 

from this, since 7 and B are both large, we may readily calculate the variance 
of the ratio Bjl, and what is more important, that of its logarithm. For if 
r — B/I, then for small variations of p and r, dp and dr 


whence 


dp __ dr 
p* “r 8 ' 


V(r) = ^V(p) = 


(/ + B)* BI 
I* ' (/ + B)* 


P 


Again if Z = log r 


whence 




V(r) = 


P B(I + B)_I + B_1 , 1 
BP' P IB 7 + B' 


To find the sampling variance of the natural logarithm of the ratio Bjl, it 
is therefore only necessary to take tho sum of the reciprocals of the total 
numbers of bacteria and indigo particles counted. This rapid and convenient 
test could not be relied on unless, as is shown by the tests, practically all the 
existing variation is ascribable to purely random errors. 

When this is not so, the values of Z derived from different drops will not 
agree so closely as is theoretically possible, and an empirical standard error 
based on actual deviations between values of Z for parallel drops should be 
used in tests of significance. 
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